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ARI RACT i

Available data on the refractive Index and Its temperature

derivative for alkaline earth halides were exhaustively survayed,

compiledp and analyzed. The most probable values at the

refractive index at 2q3K( for the transparent region flare

generated fot the materials for which exosrimental data were

sufficiently abundant and reliable. Provisional values were 31S0

generated for the wavelength reqioris where available data were

less abundant. Reasonable estimations at refractive Index for

the very scantily measured materials were made by incorporating

the dielectric constants and wavelenoths of absorotion peaks into

a simolitled dispersion equation.

It was tound thit of the twenty alkaline earth halides only

seven, namely, MgF2, CaF 2 0 SrF2 V 8B4F 2, raCI2 0 SrCI 2 0. and Ra:12 0

appear in the open literature with refractive Index measurements.

Most of the available data are for the first four of the seven

materials. Temperature derivatives of refractive index for wost

of the alkaline earth halides were unavalIable. As a re0s UIt.

data analysis on dnldT was limited to C&F2 , SrF 2  n qa 2.

Key Words: refractive index; temperature ci)etficlent of

refrnctive Index; ontical constants; alkaline

earth ha lides.



iv

COKTENTS

oage

ARS7RACT ........... *e~e.e...e.... *****Ij A T111 F AB oES .......... •.... ............... .............. vti

LIST OF TABLES ........................................ v

LIST OF FIGURES o........................ .................. viii

LIST OF SYMBOLS .......... o.............................x

1. 1 ITRIOUCTION ..................... .. .. ................ 1

2. THFrnRETZCAL 9ACKrROUND .................................. 15

2.1. Refractive Index ...... ............. ..... . .... 16

2.Z. Temoereture Oerivative of Refractive Inder, dn/dT .. 31

3. NUMFRICAL DATA .o.0..° .... ............. . ........... 37

3.1. Calcium Fluorldep CaF 2  *0"..................... 44

3.2. Strontium Fluoride SrF2 ... ........................

3.1. B rlum FI luori.1es 8eF 2  .............................. O

3.4. Maqnesium Fluoride, MgF 2 .......................... 136

3.5. Calcium Chifiride, CaCd 2 ........................... 164

3.6. Strontium Chloride# SrCl 2 .......................... h

4.7. Barium Chloridep aC 2 .. .......................... 173

4. CfINCLIJSIONS AND RECOMMEHDATIONS .......................... 177

5. ACKNOWLEOGMFNTS ....... °...o..............*

b. REFERENCES ........... .. .... o.. .. . . . ... ..



V

LIST flF TADILES

I. Available data Sets ..................................... 3

2. Crystal Structure of Alkaline Erth Halides .............

1. The Crystal Radii of Ions ...............................

4. fptical Dielectric Constant of Alkaline Earth 4alides ... 21

5. Static Dielectric Constant of Alkal ine Earth Halides .... 22

6. Spectral Position of the Fundamqltal Optical Phonon
of Alkaline Earth Halides ............................... 23

7. Temoerature Dependence of the Fnergies of Shari
Reflectance Peaks .......... ......... *............... 32

5. Recommended Values of the Pefractive Index end Its
Wavelength and Temoerature 9erivatives for CaP2 at 293K * 56

9. Measurement Information on thl qefractive Index
of CaF2 (Wavelength Deoendencq) ....................

11. Exnerimental Data on the Refrictive Index
of CaF2 (Wavelength Oeasndence) ......................... 65

1I. Measurement Information on the Refractive Index
of CaF2 (Temoerature Dependence) ........................ 70

17. Experimental Oata on the Refractiva Index
of CaP 2 (Temperature Deoendencel ....................... 71

13. Measurement Information on the Temperature Derivative
of Refractive Index of CaF 2 lWavelenqth Deoendence) ..... 73

14. Experimental Data on the Temperature Oerivative
of Refractive Index of CaP2 (Wavslength Deoandence) ..... 76

1 ,. Measurement Information on the Temierature 1erivative
of Refractive Index of CaF2 (Teoperiture Dependence) .... 79

16. Experimental Data on the Temperature Derivative
of Refractive Index of CaF 2 ITemoerature 0oepenlence) .... qO

1~



Vi

17. Comparison of Dispersion Eouations Prooosed for Ca 2 .... 81

18. Recemmended Values of the Refractive Index and Its
Wavelength and Temperature Derivatives for SrF2 at 293K * 94

1c. Measurement Information on the Refractive Index
of SrF 2 (Wavelength Dependence) ..................

20. Experimental Data on the Refractive Index
of SrF2 (fevelength Dependence) .........................100

21. Measurement Information on the Refractive Index
of SrF2 (Temperature Dependence$ ........................ 103

22. Experimental Data on the Refractive Index
of SrF 2 (Temoerature Dependence) ........................ 104

23. Measurement Information on the Temoerature Derivative
of Refractive Index of SrF2 IWavelenqth l)eoendince) ..... 106

24. Experimental Data on the Temperature 9erivativq

of Refractive Index of SrF 2 (Wavelength Oependencel ..... 10?

25. Comoarison of Oioersion Fquations Proposed for SrF2 ... lO

26. Recommended Values of the Refractive Index and Its
Wavelength and Temperature Derivatives for RaF2 at 293K .118

27. Measurement Information on the Refractive Index
of B&F 2 (Wavelength Dependence$ ......................... IZZ

2e. Experimental Data on the Refractive Index
of 9aF 2 (Wavelength Dependence) ......................... 124

zq. Measurement Information on the Refractive Index
of SaF 2 (Temperature Dependence) ...................... 127

30. Experimental Data on the Refractive Index
of SaF 2 (Temoerature DeOpendence) ............. ........ 12 i

31. Measurement Information on the Temoerature Derivative
of Refractive Index of BaF 2 (Wavelength Deoendence) ..... 130

32. Experimental Data on the Temperature Derivative
of Refractive Index of ReF 2 tWavelength Deoendence) ..... 131

33. Measurement Information on the Temoerature Derivative
of Refractive Index of SaP2 (Temperature Oeoenlence) .... 133



Vi'

34. Experimental Data on the Temperature Derivativ,9
of Ref ractive index of SaF2 (Temperature Osoenlence) ,...134

35. Comparison of Oi~narsion FQuations Prooosel for 6sF-2 9... 135

36. Recommended Values of the Refractive Index and Its
Wavelength Derivative for PagF 2 at 293K .................. 141

37. M~easurement Information on the Refractive index
of MgF2 (Wavelength Dependence) ............. 4

38. Experimental Dat aon the Refractive Index
of M-4F 2 (Wavelength Dependence) ............. 5

3q. Measuriment Information on the Pefractive Index
of !igF2 ITemperature Deoendence) ........... 15

40. Experimental Data on the Refractive Index
of MdF2 ITemperature nependence).............5

41. Measurament Information on the Temnerature Derivative
of Refractive Indetx of ?lqF 2 (Wavelength 0ependence) ..... 151

42. Experimental Data on the Temperature Derivative
of Refractive Index of ?qgF 2 lWavelength 1seondence) ..... 159

43. Measurement Information on the eirefrinqence
Of 49;:2 (Temperature DepRendence) ..............

44. Experimental Oata on the Birefringence
of V40F 2 (Temperature Oceoendence) ........... 16

45. Comparison of Dispersion Eauations Proposed for MgF-2 ....163

46. Measurement Information on the Refractive Index

of CaCi2 (wavelenqth Dependence) ............ 6

47. Experimental Data on the Refractive Index
of C&C12 (wavelength Dependence) ..................... 167

48. 4easurement Information on the Refractive Index
of SrC12 (wavelength Dependencel ............ ?

49. Experimental Data on the Refractive Index
of SrCI2  (wavelength Dependence) ........... 1?

50. Measurement Information on the Refractive Index
of SSC12 (wavelength Dependence) ........... 17

51. Experimental Oata on the Refractive Index
of SSCt2 (waveletngth Dependence)............17



viii

LIST OF FIGURES

cage

1. Absorption Spectrum of an Alkaline Farth Halide Crystal . 12

2. Temperature Dependence of the Static Dielectric Constant
of Alkaline Earth Fluorides *... ...................... ?5

3. Temperature Dependence of the Wavelength of Fundamental
Transverse Optical Phonon of Alkaline Earth Fluorides ... 26

4. Near-normal Incidence Reflectance Spectrum of CaF2 ...... P1

5. Near-normal Incidence Reflectance Spectrum of SrF 2  s.... 29

6. Hear-normal Incidence Reflectance Spectrum ot qaF2 0.... 30

7. Refractive Index of CaF 2 (Wavelength Dependencel ........ 54

8. Wavelength Derivative of Refractive Index of CaF 2 ....... 59

9. Refractive Index of CaF 2 (Temperature Deoendence) ....... 60

10. Temperature Derivative of Refractive Index
of CaF2 (Wavelength Oeoendence$ ........................ 72

11. Temperature Derivative of Refractive Index
of CaF2 (Temperature Dependence) ........................ 78

12. Refractive Index of SrF2 (Wavelength Dependence) ...... "6

13. Wavelength Derivative of Refrnctive Index of SrF 2 ....... 97

14. Refractive Index of SrF 2 (Temperature Oeoendence) ....... 102

15. Temperature Derivative of Refractive Index
of SrF 2 (Wavelength Dependencel ....................... .. 105

16. Refractive Index of BaF 2 (Wavelength Dependence) ........ 120

17. Wavelength Derivative of Refractive Index of aF2  "6*1...

18. Refractive Index of BaF 2 (Temperature Dependence) ....... 126

1 . Temperature Derivative of Refractive Index
of SaF 2 (Wavelength Dependence) .........................12Q



! lx

20. Temperature Derivative of Refractive Index
of RaF2 (Temperature Deoendence) ........................ L32

21. Refractive Index of MgF 2 (Wavelength !neDendencel ........ 144

22. Wavelength Derivative of Refractive Index of MqF 2 ....... 145

23. Refractive Index of MgF2 (Temoerature Deoendence) ....... 154

24. Temperature Derivative of Refractive Index
of PiqF 2 (Wavelength Deoendence) ....................... 17

25. 8irefringence of 4gF2 (Wavelength Dependence) .. 0.......160

26. Refractive Index of CaCt2 (Wavelength Dependence) .......165

27. Refractive Index of SrCI (Wavelength Deoendencel ....... 170

ze. Refractive Index of BaCt2 lWavelenqth Deoendence) ....... 174

29. Refractive Index of Alkaline Farth Halides at 2q3K ...... 1Tq

30. Wavelength Derivative of Refractive Index of
Alkaline Earth Halides at 293K .................. ...... 1O

31. Temperature Derivative of Refractive Index of
Alkaline Earth Halides at ?Q3K ........................ t

i



x

LIST OF SYMBOLS

a Constant

A. A0 t Alp A2 Constant* code for Abele. method

b Constant

B Code for Brewster angle determination method

c Constant; velocity of light

C Code for polarization method

o Code for deviation method; sodium line of 0.589 wm

F Code for focal length method

H Code for high frequency modulation method

I Code for Interference method

L Code for multilayer method

M Code for immersion method

n Refractive Index

n Refractive Index of short (uv) wavelengths

oscillator

P Electrical polarizability; code for Pulfrich

refractometer measurement

R Code for reflection method

S Code for thickness determination method

T Temperature; code for transmission method

v Phase velocity of light in medium

V Volume

a Linear thermal exoansion coefficient



xi.

Y Clamping factor

C Complex dielectric constant

C1 Real part of C

e2 Imaginary part of c

CO Static dielectric constait

CCO Optical dielectric constant

K Extinction coefficient; oscillator strength

x Wavelength of light

A Wavelength of the Ith absorption band

x Wavelength of infrared absorption band

x Effective wavelength of ultraviolet absorption

band

LA



1. INTRInUCTION

The Purpose of this work is to oresent and review the

available data and information on the refractive index of

alkaline earth halides# to critically evaluate, analyze, and

synthesize the data* and to make recommendations for the most

3robable values of the refractive index# its waveleigth

derivative dnldA , and temperature derivative dn/dT. The

recommended and provisional values generated cover the widest

possible transparent wavelength ranges and are for the purest

fcrm of each alkaline earth halide for which measurements %ave

been madi. However, for the material , which have been scantily

measured, reasonable estimations are made.

The introductory text describes the general orocedures and

methods for the evaluation and synthesis of the available data

ard for the generation of recommended values. It also discusses

the Present status of the exoerimental data and other

considerations concerning the body of data.

In the theoretical background section, the general theory of

the refractive index and its temperature derivative Is discussed.

Correlations of the dielectric constants, absorption bands, and

the refractive Index are described.

In the data Presentation section we treat eact material

separately# review the available data and information, and
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describe the considerations involved in arriving at the final

assessment and recommendation and the theoretical 2uidelines or

semi-empirical correlaticns on which the dita analysis and

synthesis are based. Figures and tahles follow to oresent the

recommended valuesP the original data, so ecimen characterization,

and measurement information. At present# we have comoiled 182

sets of data extracted from some 80 documents in the orimary

I iterature. Distribution of the available data sets is shown in

table 1.

In the conclusion# figures are oresented in which ill the

recommended curves on the refractive index, dn/dX, and dn/dT are

grouped for visual comparison. The accomplishments in this work

are discussed and the need for further work is suggested.

The last section consists of the source references used in

the extraction of data andlnr information. Only original sources

of data have been used in the analysis. The effective cut-off

date for literature research was May 1971P while the earliest

referenced source was dated 1874. With such a comprehensive

comoilation of information and presentation of restlts, the

author believes that scientist and eaniseer in the optical trade

will find this report useful in regard to refractive index and

its temperature and wavelength derivatives.

In order to utilize any dispersive medium. soectroscopists

must have a knowledqe of the irdex of refraction and dn/dX for

all wavelengths transaitted by the madi.m. Such data are 3lso
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TABLE 1. AVAILAqLE DATA SETS

Number of data sets
Mater ial

n dnldT n -n

4gF 2  42 2 7

CaF 2  42 ?

SrF 10 4

BaF2  15 |Z

CAC 12 7

SrC1 2  7

SaC 12 6I2

A

______
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useful to physicists for evaluating theoretical disoersion

equations and for studying the forces b.itween the constituents of

t 1e crystal. For a transparent medium, the refractive index, n,

is defined as the ratio of the velocity* co of electromagnetic

radiation of a given wavelength in vacuum to the Phase velocity,

vp in the medium, i.e.#

n a cv. (1)

Sinci the index of retraction of air is about 1.0003, n is

conventionally measured with respect to atr Instead of vacuum 3nd

no correction is made. In a non-absorbing medium the refractive

irdex is a real qumntity, while in an absorbing medium a complex

index of refraction* 4P is used. The c) mplex index is defined as

N z n + 1k. (2)

where k is the extinction coefficient or absorption index. 4oth

n and k are frequency dependent. The real and imaginary Darts of

the square of the complex refractive index are the real and

imaginary parts of thq complex dielectric constant P c. of the

med i um:

Z El + iE2 - N2 = In2 - k2 ) + IZnk. (31

The disoersion in an optical material Is inti.matily related

to the microscopic structure of the material. In the short

wavelength side transmission is limited by electronic excitation,

and for long wavelengths by molecular vibrations nnd rotations.

The width of the transparent spectral rangp increases as the

energy for electronic excitation is increased end that far

molecular vibrations is decreased. Theoretical and experimental



studies on ionic crystals indicate thaL crystails having small

ions with strong bonding have a wide snectral range of

transoarency. This is true for alkali halides and alkaline earth

hal I des.

Unlike the alkali halidest which form only cubic crystals,

the alkaline earth halides form crystals with a variety of

structures. The four types of structure that are foLnd In the

alkaline earth halides are Indicated in table 2. A review of

tables I ind 2 will show thati, with the exception of Mg'P2 , only

crystals of cubic structure have been investigated.

Calcium fluoride in its natural ly-occuring for'i is known as

fluorite. It is conventional to describe a crystil an havIni the

* fluorite structure it its lattice Is sivi lar to thit of calcium

fluoride. In a f luorit3-structure crystal of a conon A82 e'ach

* ion of species A is surrounded by eigjht equivalent nearest-

neighbour ions of species 4 forming the cornsors ot a cube withi A

at its center. Fach ion of species 8 Is surrounded by a

tetrahedron of four equivalent k ions. M~ore fundamentally. the

structure has a face-centered-cubic translationvAl grouo and a

space lattice of symmetry (Is. It the structure Is Interpreted In
h

terms of a orimitive cube of side ap it comprises three Inter-

Penetrating face-centered-cubic lattices. The first is a lattice

of species A with Its origin at the ooint (OPOPO) and withm

Primitive translational vectors (OvafZvalZI; Cal? 0p a/2); and

(alZv&12PO) In the cube of side a. The 8 species are located on
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TABLE 2. CRYSTAL STRUCTURE- OF ALKALIP4F FARTH HAL IDES

Material Structure

SeF2 retragonat, frthrr0hombict Hexagonal

sac 2  frthorrhombic

B~e Sr 2  Orthorrhombic

Be 12  Orttiorrhoubic, retraqonal

MgF 2  Tetragonal

mgc 12Hexagonal

VMgBr 2  Hexagonal

mg T2  Hexagonal

CaF2  Cubic

CaCI 2  Othorrhombic

CaR r2  fthorr~ombic

Ca 12  Hexagonal

SrF2  Cuhic

S rC 12  Cubic

SfRr 2  Tettmqonal

Sr 12  Hexagonal

SaF2  Cubic

sacI12  Cubic# Orthorrhombic

l3agr2  Orthor~orbic

Ba12 frthorhombic
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two further lattices with similar tran.lational vectors but with

origins at (a14. al4. 14) and at 1Iq14, 3a14, 3a/41. The site

of the A Ion has n5h symmetry anl the site of the R ion his T

symmetry. The interstitial site again has rl symmetry, beinq at
11

the center of a cube of eiqht R ions. The crystal is not

p ie7oelectric.

It is apoarent that the fluorite structure oroviles close

contact between the different snecies of Atom or ion.

Furthermore if the ions of species A are sufficiently large,

close contact between the ions of species B Is orevtnted. [ the

ccnstituent species are regarded as hard soheres with radii r(A)

and rIB), contact occurs between the A and R ions to the

exclusion of B-8 contact and of A-A contact (11 when the rilii

satisfy the condition

4.45 > r(Al/rIB) > 0.73.

The energetic advantaqes of close contact between dissimilar

Ions suggest that the fluorite structure will be favoured by

those strongly Ionic compounds with formula A% which Possess

large ions of tyoe A. Study of a self-consistent tible of ionic

radii, such as that of Zacharlssen 121 summarized In table 3P

shows that one Is unlikely to find i hypothetical compound in

dtich contact between A ions could 3ccur. This would require

that the A ions be exceptionally large, with

r(A) > 4. 5rl!).

In fact, the A ions are normally relatively small and it is

L&
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TARLE 3. THE CRYSTAL RAflhl OF TONS

802+ 0,30A F- .331k

M42+ 0.65A Cl' 1.61A

C82 + O.94A sr- l.96&

Sr2 + 1.1OA2.0

aa2 + 1.29A
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possible to find several series of co'qoounds in which the lower

I imiting value is oassedp end contact between q ions can occur.

For exemole. among the halides of barium one finds that the

fluorite lattice structure occurs for the smaller halide B ions

while the Iodides Possess orthorhombic or sheet-like structures.

Among the compounds of alkaline earth halides those which

possess the fluorite structure are, according to Wyckoff fli,

CaF 2 , SrF 2 , aF2 P CaCI 2 , SrCI 2 BaC1 2 . The absence of bromides

ard of Iodides may be Interpreted in terms of a violation of the

radius requirements the anions being relatively too large. It is

apoarent on inspection of table 3 that close contact between A

and R Ions cannot occur for the licht cations.

There were two major reasons why only crystals of cubic

structure have been investigated. The first is that cubic

crystals are optically Isotrooic. It is true that optical

anisotropy Is highly desirable in a number of soecial uses P but

for the fabrication of ootlcal comoonents in 2eneral. anisotrooy

of dispersion may become an objective. It Is therefore

understandable that early investigations were limited to the

cubic crystals, hut It Is surprising that even at the present age

of modern technology our knowledge of optical dispersion is still

limited to that of cubic crystals. With regard to the dispersion

of the non-cubic crystals, little work has been reoorted.

The second reason for inattention to non-cubic alkaline

earth halide crystals Is the unavailability of the crystals or
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their undesirable chemical and physical oro erties s such as

hygroscopy and softness. With qdvaceS in the technique of

crystal growthP crystals which do not occur naturally are olde

available in workable sizes. Examples are BoF 2 131# wgCl2 141V

end I ar 2 t51. However, no measurements on the optical

dispersion of these crystals are reported.

The applications of high-power infrared lasersp which are

now being developed at a rapid rater are partly limited by the

lack of suitable transoarent optical materials. As a result,

much of the high-oower laser research is directed toward finding

aceouate high-temperature window and dome materlalE in the

wavelength regions from ? to 6 micrometers and near 10.6

Picrometers. The alkaline earth halides have large transmission

ranges spreading from the ultraviolet to the infrired and are

available in large ;izos Rnd high purity. They are oad

materials for photochomists and soectroscooists who are

intirested in ultraviolet transiarencyr and for lser scientists

who are concerned with infrared transmission. They are

considered good window materials and are rqcommended by the

National Materials Advisory Board (61. Throuh the studies of

the Advisory Board, crystals of fliorite-tyne are among the

serious candidates for laser materials. Efforts are being *ade

to improve their mechanical strength and thermal endurance

without altering their ootieal properties, oarticularly the

refractive index.
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The available refractive indicis of alkaline earth helides

and their temperature derivatives have oeen surveyed and studied

frow time to time by a number of Investiqators, including Smakuln

1?1, Rallard [81, Coblentz lql, to name just o few. 9efractive

index data are covailed in a number of handbooks suct as tiose

sponsored by Landolt-Rornstein 1101. alP (ill, and CRC 11Z], etc.

Hcweverp their main concern is to provide a general Picture

through a few particular sets of 4ata. The Purpose of the

present work is quite different from that of the above-mentioned

works. It has two major aims: (1) to exhaustively search the

open literature so that a comnlete and comorehensive

bibliograohic reference Is coreiled. and (?) to generate

recommended values based on the existini experimental data on the

refractive index and its temo erature derivative, so that

evaluated andlor synthesized numerical data are made available

for scientific and engneering use.

In figure I* a schematic view of the absorption spectrum of

a tyolcal alkaline earth halide cryntal is shown. At the right#

at about 30 micrometerst are seen the absorption Peaks associated

with optical phononst while nearer to the left. at about 0.1

micrometer, are seen the absorption peaks associated with

excitons. In the transparent region between the two extremes the

crystal absorbs little light and has a dispersion whict can be

cteracterized by an optical dielectric constant E,-n 0 2, where n.

is the refractive Index at short wavelength. In absoroing

reglors of the spectrum# the imaginary Part of E is-non-zero.
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Bcth the real and imaginary parts of can be ohtalned f rom the

experimental reflectivity (preferably over a wide range of

4avelongths) and the use of the Kra'aers-Kronig relation or the

Lorentz oscillator nodql. In optical technoloqy, the refractive

irdex Is needed only for the transiaren; region of the material.

One does not have to carry out a comolicatp1 analysis and

calculation to obtain the refractive Index. ')irect mithods are

available for high precision measurements. The minimum deviation

nethod Is usually used1 to obtain the refractive index accurate to

the fourth decimal olacle, and the interference method to thm

th ird1.

Scanni',g the open literature, one finds that in most casos

the measurements of refractive index were carried out at vnous

temperatures and readuc ed to a r ef erean ce temperiture chosenIaccording t o the investigatorst oreference. f t is h igqhlIy
desirable to reduce the existing refract.ive index data -And to

present them at e uniform reference temnarature. It is therefore

iwpoartant that the temperature derivative of the refractive index

be made available In the form' of a funiction of wavelength based

on the existing data and theory, so that the users can easily

calculate the required values over a limited range of

temperatureS.

The first task in generating recommended values was to

aralyze the data on the temperature derivative of refractive

irdex. With the analyzed values of dnildTP all the refractive
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Index data were then reduced to the reference tvoerature of 2133K

chosen for the present work. The corrected data were then

subjected to evaluation and critical selection. Least-sou3res

fitting of the selected data to a given equation was then carried

out.

Qecommended values for refractive Index and the

ccrrespondlng wavelength and temperature derivatives, dn/dA, and

dnldT, have been calculated from the c-rrelating eiuations where

sufficient experimental values are available. However, for the

region where exoerimental evidence is either insufficient or

poor, only provisional values arq orovided. ')ata for the

transoarent region are presented at integral wavelengths with

small increment. Intermediate values can be obtained by the

following linear interpolations:

nx,  n,+ (df/dX), (XI' -

(4)
nx,,,= nXT + (dn/dT) X (T' - 'F).

Thi. second expression In eq (4) Is bised on "he fict that dnldT

is relatively indeoendent of temperature over a -!irly wide range

of temoeratures. However, the aaolication of this c.xDrpssion

should be limited to the temperature range ZQ3-5.K.



It. THEORETICAL BACKG,@OIJNn AM) rpiRicAL PFLATinNs

The study of the proneriatiot of lightt through matter,

particularly solids, comprises one of the imoortint ani

interesting branches of optics. The 'miny a nd vati'3d OD ti CalI

phenomena exhibited by solids include selective absorption,

dispersion, double refraction# polarization effectsp and electro-

optical and magneto-ootical effects. many of the optical

properties of solids can be understood on the basis of classical

electromagnetic theory.

The microsco~pic electromagnetic s.tate of Rntter at a iiven

point is describeed by four quantities:

(1) the volume density o? electric charges,

(2) the volume density of electric Iliole strength, called the

oolar izationo

(3) the volume density of majnetic dinolq strqnqtht called thq

magnetization*

(4) the electric current nor unit area, callod the current

lens ity.

All of these quantities are macroscopic averages over the

microscopic variations due to the atomic makeup of matter. They

are related to the macrosconically averaged electric and maoatic

fields by the well-known Maxwell equations 113).

Detailed discussion of Maxwell's equations is beyond the

Scope of the present work. What we should bear In alird is that

the general solution of Maxwell's eaustions Is made up of
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electric and magnetic fields. In the treatment of the

irteraction of li2ht and matterp the light is considerel as in

oscillating electric field that enqulfs the component molecules

of matter. Fach of the molecules may be considered to he I

ctarled simole harmonic oscillator. When these component

oscillators are driven by the engulfing electric field of the

light they emit Huyqens-like sphericat wavelets that contrivutR

to and modify the electric and magnetic fields. In the e3rly

development of th- theory of orooagation of light in matter,

there was no oractical alternative to tr,,3ting te matter is a

collection of charged harmonic oscil Ilators subjectP perhans. to

damning forces. Fortunatelyp the modern developments in the

theory of matter ind its interaction with radiation have siown

thAt this simole modal has broad utilityp and that it cAn be

employed in the discussion of refractive indices. In this

sections only a brief summary of results of the theory of the

refrictive Index and its temperature derivative is iivqn.

2.1 REFPACTIVE INOEX

maxwell0s theory gives the relationship

n2_=f= P * 15)

where n is the refractive index. c the dielectric constant, and

P the oolarizability. Tf one treats the material Is eouivalent

to a collection of harmonic oscillators resonant to radiations of

various wavelengths Ai, one can derive 1131 tne eauition



n-1 7 X2

~ - X(6

where A)A Is the wavelength of the Incident radiation, and ci is I

constant which depends on the numbqr of oscillators oar unit

volume or the "oscillator strength" of the oscillitors resonant

at wavelength A1 . Fquation (6) is generally called the Sellmeier

formula. It can be derived by modern quantum thhenry from vori

scnnisticated models of the solid, with A1  denoting the

wavelengths of t'e various absorotfon bands of the material.

Por the transparent region, it. wa. tralition3lly believed

that the dispersion formula of thA Sellmeier tyne best fit the

i cnic crystals. The consequence of this was that most of the

early experimental works adopted eq (6) with the Ai's 1nd ci's as

adjustablq emoirical constants chosen only to fit the data* with

no other exoerimental and theoreticRl basis. Nevertheless, this

equition, if used correctly, gives a good deal of inforweation

ccncernin~i the position of absorotion bandsv, oscillator

strengths. 4nd the dielectric constant for a stitic field.

For the transparent region, eq (6) can be written as

a.X2  b. X2

) + , 2 (7)
- X2-. X.21 -j

Terms In the first summatioe are contributions from the

ultraviolet absorotion bands and thse in the second from the

infrared absorption bands. In the infrared region, however, the

ACeS of uv absorption peaks are much smaller than A and eq (7) is

reduced to
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where c =lEa zC0 - Ebi is the optical dielectric constant.

Real crystals are neither perfectly linear dielectrlcally,

nor are they perfectly harmonic. The effect of non-linearity and

anhareonicity is to introduce a damoing term (141. Fquation (,)

Is extended to become

b. 
2

= C1 + IC 2 = Co + E X4 (9)
j xj iY x

Equation (9) Is widely used in investigating the infrared optical

vrooertles of ionic crystals. In the transoarent wavelenqth

region, the effects contributed by absorotion bandT -re

negli:ibly small. In such cases the danpinq terms can be omitted

and eq (Q) is reduced to the S.,llmeigr formula.

In an ideal application of eq (7), one would need to Know

the w3avelength of all of the absorotion oeaks. This is very

difficult in practice because of the large number of absorption

peaks. In fact, only a few absorption neaks -re accessible for

exoerimental observation. In order to include thf. effects due to

unobserved absorotion bands on - the refractive indek in t e

transparent region, an equation similar to en (7) is used tn

interoret the ex.erimental data:

a. X2  b. x 2

n2 = A+i S I + L 1 (10)
i X2 a X. n 'f 2 oro o

where \,sand X Is are the observeI wivelength m f absorotion
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bands. A is a constint which equals the quantity I>Fak wvere

ak's are the coefficients of the ultraviolet teres

With Xk s much smaller than the wavelengths in the transparent

region. In the infrared region, the dominant contribution to the

refractive index in the transoarmnt region comes from the

fundamental ohononst while other ebsorption bands contribute

little effect on th" refractivo Index in the transoarent region.

As a result, in most cases# only one or two terms due to the

prelominant contribution are inc Ijded in eo (10). The

relationshlos between the dielectric const.nts and the

coefficients in the disnersion equation remain with no change:

cc, = A+ La,, (11)

co = A+ a i + Zb j. (12)

For some materfils, experimentil data on n ire insufficient

to justify the least-squares fitting. A means should be

develooed to obtain reasonable estimates by use of the available

data for other properties which are related to n. The following

simolified equxtion (two-oscillator model) of the Selleeier tyog

is proposed for this purpose:

(E-A) X2  (c-c)X2
n =A+ + - ' >z .z ' ,(2

where A is an adjustable parameter, X Uthe unweighted averaged

value of the wavelengths of the ultraviilet absorption peaks, and

Ai the wavelength of the fundamental infrared absorption peak.

J
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Tle adjustable parameter A In eq (13) can be determined even if

only one measurement of n is available because the quantities F 0

E,. A u, and XI are in general available.

It is clear that the parameters £ coo A U and X Ilay

Important roles in the calculations of the refractive index. fln

account of this, these oarameters were also included in our

searches, though not in an exhaustive way. Listed in tables 4,

5, and 6 are the results of our searches for F , c0 and X "
0I

The values of ontical dielectric constant li..ed in table 4

are determined either by curve fit of refractive indices to tL'e

dispersion equation or by Kramers-Kroniq analysis of reflPction

spectra. No method is designed for direct measurement of r: * As

a consequence, the accuracy of E-0 depends lHrgely on the

accuracies of input refractive indices and on the spectral ranie

ccvered. It is interesting to note that at a given temperature

the values of : obtained from various sources are in close

a~reement. Although the values are vade available at several

temperatures* the paucity of data ha pers he estiwfation of

temoerature variation of the optical dielectric con;i,1nt.

The values of static dielectric consta-ts iven in table

Indicate liscrepancies between investigators. Such discrepancies

can in attributed to the different methoda used ani the impurity

c(ntents of the samnles. Without Question, the results reoorted

by Andeen et al (111 are the bPst, becaus" the methol of

substitution is by far the most reliable direct means of
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1ARLE 4. IPTICAL DIELECTRIC CONSTANT (IF ALKALINF FARTH HALI'ES

Mater i a I Temperature F-00 Author 2

(KI

MqF2  300 1.q (.) IL garker141
300 1.9(e) BarkerI[14

CaF 2  4 2.05 L
80 2.047 R
200 2.044 B
300 2.040!0.001 R
300 2.045 K
300 ?.04 L
350 ?.04 L

Srr 2  4 2.08 L
80 2.07 B

100 2.07 K
300 2.07 L
350 7.37 L

RaF2  4 2.18 L
0 2.157±0.001 q

300 2.150 R
100 2.16 K
300 2.17 L
350 ?.17 L

z The letters o and e in the oarentheset indicate tho
ordinary-ray and extraordinary-ray respectively.

2 The capital letters In this column carry the

following abbreviations:
L - Lowndes 1151.
B - Bosomworth 1161,
K - Kaiser et al 1171.
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JABLF S. STATIC DIELECTRIC CIINSTANT OF ALKAL1'4F EARTH HkL!DES

4atori IT& 70ew6ature C Author2

(K) 0
RqF 300 4.87(o)1

4.6 (a) Rarker 1141
4.'126t±01(0) A

300 5.45(s)
5.4 (0) Rarker 1 141
5.501t0.01(e) A

300 5.26(of D
5. 1 (a) Kodik (201

5.283(o)A
CaF 2  4 6.47t0.03 L

80 b.38t0.08
80 6.51*0.03 L

200 6.53*0.01
200 6.66*0.01 L
100 6.7 *0.3 K
100 6.63+0.05
100 6.81+0.03
300 6.18+0.03
300 6.15+0.06

300 6.il?O'0.0007? A
Sr F, 4 6.15+0.03 L

s0 6,000.08
R0 6.190o.n01

?00 6.30+(003 L
Io0 6.6 t0.3 K
300 6.20t1.07A
I00 h.50)1.03 L
300 6.48+0.33 9
100 6.4b71t0,000b A

4 6.q6*f0.03 L
q 0 ~I.56+0 . (q
so 7.o1~o.fl4L

20 7, O ?10 0 4 L
300 7.? t0.4 K
300 6,W-0.08 1
300 7,12+014 1
100 7.26t0.04
l00 7.0?2*0.07J
300 7.1805±0o.0007 A

SThe letters at e and p in the oarentheses Indicate
the ordinary-riy. extraordinary-rAy, and potycrystaline.

2The cioital lettnrs in this coluiwn c~arry the following
abtbreviations: 0 - Duncanson 1181p A - Andean et at 14~1P
L - Iowndes 1151P B - Rosomworth 1161.
K - Kaiser at 41 1171P 0 - Qo3 niJ Smacula 1711P

J - Jones 12?l.
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TALE 6. SPECTRAL POISIT'IIN OF THE FUNDAMFNTAL
OPTICAL P*ONI1N OF ALKAL14E EARTH HALIOFS

Material Temnerature ATO ALO Author2

(K) (Picrometsr) (Micrometer)

MgF 2  30() 22.2,
24.2, 
40.6(o) Barker 1141

300 18.0,
25.0(e) Rarker 1141

C&F2  5 37.04t0.19 20.66!0.10 L
s0 37.45±0. 78 q

100 37.00t0.19 L
200 37.45t0.19 L
300 38.9 21.6 K
300 38.0?tO.19 20.75±0.10 L
400 38.76-0,19 L
500 39.53-0. 0 L

SrF2  5 43.76-O.?2 25.19±0.13 L
8o 44.44tO.40 R

100 43.e6±0.22 L
100 44.64 r)
200 44.25±-1,22 L
I00 45.05t0.3 25.37±0.13 L
300 46.1 26.74 K
30) 45.66 f)
400 46.30±0,'3 L
500 47.39"O°?4 L

R F2  5 52 . 63tf), ?_6 28.90±0.14 L
110 5 2. q;I t- 0 . 56

100 52.63t0.26 L
200 52.91±0.?6 L
300 53.130.?? 29.07±0.15 L
30,1) 54.3 30.67 K
400 54.20tO.27 L
501 55.56- .2 L

• The letters o and e in the Parenthesis indicate the

ordinary-ray and extraordinary-ray resoectivily.
2 The capital letters in this column carry the

following abbreviations:
L - Lowndes t15)#
8 - Bosomworth (161,
K - Kaiser et al 11?1,
D - Denham at at [231.
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measuring the static dielectric constant and the samples they

used are believed to be the purest available. However, the work

3f Lowndes [151 is important, because not only do his value; at

room temoerature agree closely with those of Andeen et atr but

also his measurements cover a wide te-moerature range, as shown in

figure 2. In fact, his measurements give the only set of

reliable dielectric constants as a function of 'temperiture, a

very important basis for determining the temperature variation of

static dielectric constants.

The spectral position of the fundanental ootical phonon, X 0I

i s an important input parameter in the dispersion equation for

the materials with scanty infrared data. Among the data listed

in table 6, the values reported by Lowndes are most reliable and

might used in our correlation of ohysicil oroperties to calculate

the missing refractive indices. However, as the vilues from a

number of other papers agree closely with Lowndes', the averaed

values wiol actually be used. Lownde!' measurement. not only are

believed to be the most reliable ones available but also are used

to evaluate the temoerature variation of X * Such variations are

indispensible input oarameters for estimating the t.enberature

derivative of the refractive index. Figures 3 oresents Lowndea

results of A IT).

The uv absorotion of alkaline earth halides is quite

ccmplicated. There are many absorption Peaks ef about equal

strength, spreading into a wide uv region from abnut 10 eV down
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to 35 eV. There is no direct measurement of ihsorption osakS

availble in the vacuum uv region because thern expirimental work

is difficult. To estimate the effectivp wavelength, AU • of

vacuum uv absorotion, we have to relay on the observed far uv

reflection spectra. It is accepted that corresoonding to qaci of

the oeaks of a reflection snectrum there is an absorption Peak at

somewhat shifted wavelength; the sharper the neako the less the

shift. The far ultraviolet soectra of alkaline earth fluorides

have been studied by Rubloff 1241P 'isar and Qobin 1251 et:.

Publoff's work is used in the oresent work because his

observations were made at several discrete temooratures. This

feature opened the aossihility of estimating the temperature

variation of Au Figures 4, 5P and 6 show his results for the

normal reflection soectra of CaF 2 , SrF 2 and RaF2 crystals in the

far ultraviolet. For clarityp a vertical shift of 0.0175t

resoectively spoarating the 90k spectra (ahovel and the 400k

spectra (below) from the spectra taken at 300k, were made in

these figures. According to Rubloff, the spectral regicns marked

in each of the spectra with I, I , and III correspond

resoectively tot

1. excitation of an electron from the upoer valence bands to

the lower conduction bands,

II. excitation of an electron from the outermost core states

of the metal ion,

fil. Interband and Ionizinq transitins of core electrons.

Shifts In energy with temperature are observed and are determined



28

4
.2

-F
:1
42

z

Q)

0

(Nw
:3

'00



CC

- Ii

00

A-I

b-4-

4-1

C

'-4 fr a

0z z

o oo
(N E- a

40



3c-

14

30

-'-4

tc-

14

0

co

.- b--
4

. . . . . . .. .



31

for sharp peaks. The energies of such peaks at various

temperatures are given in tahle 7. from which the room

temperature effective wevelength, k can be estimated. The

results ire: A -0.0Q315 micrometer for CiF2 , X =0.0Q566 micromseter
U U

fcr SrF 2 and X =O.1O20 micrometer for :11F 2 . These valoes dill
U

be used as guidelines in the data analysis.

7.2 Temperature Derivative of Qgfrictive i-ex, dnldT

For users of the refractive in dex inforqaticn on the

temperature derivatives dnldT. is in-isoensable. The temoerature

dependence of the refractive ind.x of crystals is of consider3ble

interest in connection with a wide viriety of ootics

applications. In the area of hiqh-ooqer lasers, JnldT plays an

important role in thermal lensing orobl ems. A Qreat deal of

research effort is soent in finding the maqnitude of dntdT and

its frequency dependence In the laser wavelength regions.

With regard to the thermo-optical behavior of the alikaline

earth halides, the existing data are not useful. Much of the

data is for two materials, CaF 2 and RaF 2 P and is concentrated in

limited spectral roeions, the visible and near ultraviolet.

Outside these regions, especially in the Infrared, limited data

are available, a very discouraging fact to workers in laser

research. It is, therefore# highly desirable to obtain a

theoretical prescription which allows oredictlon of dnldT over a

wide range of wevelengths, based on at most a small number of
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TABLE 7. TEMPERATURE DEPENDENCE OF THE ENERGIES OF
SHARP REFLECTANCE PEAKS (ArTER RUBLrIFF)

Peak Emtergy(eV)
Mater a I

90K OOK 400K

CaF2  11.18 11.02 10. 5
13.04 12.97 12.02
13.q3 13.86 13.79
15.53 15.40 15.37
?5.10 25.05 ?5.00
27.70 27.75 ?7.75
32.85 3?.85 32. 5
34.50 34.50 34.50

SrF 2  10.60 tf. 41 10.27
12.02 11.98 11.11
13.71 13.61 13.55
15.86 1 5. 1 15.80
22.47 27.42 72.37
?3.56 23.50 23.46
27. 14 27. 1t 26.05
?9.70 29.70 ?9.40

BaF 2  10.00 Q.80 9.76
12.66 1?.44 12.46
14.34 14.20 14.24
17.10 17.01 17.09
lq.lq 19.12 19.14
1q.89 19.81 19.80
22.13 2's 22.13
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experimental measurements.

Ramachandran I6b presented a semiempiricil theory of

therio-optical effects in crystals, in which the dispersion wa3s

f itted to experimental data, eeploying a series of oscillator

frequencias and strengths as adjustable oarameters. A close

ccrrelation was found between temper ature shifts of various

.oarameters and those of the fundamental oscillator frequencies.

Unfortunately, the parameters chosen were rather numerous and

often physically obscure or not unique; no general prescriotion

was nrsented for determining their temoerature voriations, wlich

are necessary for calculating dn/dT. Tsay, lendowt and MitraI271

introduced a two-oscillator model which account-. for the

variation with temoerature of the enerly gap (electronic

ccntribotion to dnl'TI and the fundamental Phonon frequency

(lattice contribution to dnldT). This model seems to fit the

inffired data# hut it does not agree well with the existing Jata

ir the uv region. A somewhat modified aooroach is to formulate a

semi-empirical equation which serves the dual ouroose of giving a

good fit to existing data and a reasonable oredictinn of missing

information.

Unlike the cass of alkali halides, dn/dT dnta fcr the

alkaline earth halides are not abundant enough to establish in

observable trend of data among materials. This leaves us no

choice but to resort to the existino theories. The followunq

terms appear In various theories of InldT:
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I 1) A constant, A , reoresenting the total effect of

contributions other than those considered explicitly in

other terms.

(2) A term arising from thermal exoansion of the crystal.

Various theories yield the same expression. -3can 2-I), for

this term where a is the linear thermal expansion and n

the refractive index corresoonding to the wavelength under

cons iderat ion.

(1) A term due to thermal shift of the uv resonant wavelength.

Starting from the two oscillator model, it is found that

this contribution is

u dA A 2 2)2( -A) - dT X

U

where A U is the effective wavelength of uv absorption

bands. In some theories Xu is reolaced by wg, the

frequency corresoonding to the gao enerqy of the crystal.

To evaluate this term requires knowledge which is in

general not accurate or is missing. In cases where tiere

are sufficient dnldT data for the uv region* one can

determine this quantity through curve fitting. We shllI

consider the quantity

du
( c .0 - A ) ) , d T

U

as an adjustable parameter A,  in the data-fitting

calculation.

(4) A term due to the thermal shift of the optical ohonons.

This contribution can he evaluated using the expression

4 dXI(c, A. I /(X, - x 2)2,

X d*I
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where X corresoonds to the wvel nqth of thA Tfl oDtici3l

It
ohonon. The quantities f1 c a0 and AI are in qengril

available in the literature and dX /dT can be estimated

from Lowndes$ work (see fiqure 3). Therefore there is no

unknown parameter In this term.

(5) A term due to the thermal variation of the transverse

effective charge, e*. This term is Proportional to the

exoression

1 de (X2 _ XI2 )
- E e* dT I Ii

Theoretical treatments and direct measurements of de*/dT

do not apoear to exist. There i; therefore no alternative

but to estimate the effect of this contribution by fittinq

the dn/dT data to the dn/dT formila with

1 de*
( 0 - ) dT

as an adjustable oarameter A2 .

Tto following equation summariTes the fliv contributions

mentioned aoove:

2n(dn/dT) = -3a(n2 - 1) + AO + +X X2 X

2( 0 -E )x _L dXI) (14)

+ )2

In the case of CaF 2. SrF 2, and BaF 2 , the quantities Fo

A" d are made available hy Lowndes 1I5P and c is available

from the literature. Althouqh Au and dAu/dT can be estimated

from Rubloff's (241 observations on the reflection soectra at
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various temoeratures, it will be prefered to determine A, throuch

the data fitting for CaF 2 and 8SaF 2 . Cor SrF2 . no uv dn/dT d3ta

is ivailable, and Robloff's results must be used. However, in

the c4se of HqF 2 P CaCI2 , SrCI 2 , and BaCI2 , such information is

not readily available, and no attemot is made to aooly the dildT

f ormul .
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3. NUMERICAL IATA

Reference data are generated through critical evaluation,

analysis, and synthosis of the available experimentil data. Tho

procedure involves critical evaluitinn of the validity and

accuracy of available data and inf~rmationt resolution and

reconciliation of disagreements In conflicting datat correlation

of data in terms of various contrell ing oarawue t erst curve f itting

with theoretical or empirical equationit comoarison of resulting

values with theoretical oredictions or with results derived from

semi-theoretical relationships. Physical optical Princiales and

semi-empirical techniques rare employed to fill gaps and to

extraoolate existing data so that the resulting recommended

values are internally consistent and cover as wide a r ange of

each of the control Ii ng n 3ram eters IS DOSsoblIe. No attempt was

made to analyze the thin film data and the regions of strong

absorptionr because of the scantiness of reliable information.

However, experimental lata for such regions ire alIs o presented

a long with those for the transparent region in the experimental

data tables.

A number of figures and tables sumpiarize the informration and

give data as a function of wavele-igth and temperature. The

ccnverntions used In this presentation, end specific comrments on

the Interpretation and use of data are given below. Fach

subsection in this section gives all the information and data for

a given materiel. The subsections are Rrrange-d in the followilng
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order:

3.1 Calcium Fluoride, CaF2

3,2 Strontium Fluorideb SrF 2

3.3 Barium Fluoridep. BaF2

3.4 Magnesium Fluorideb MoF 2

3.5 Calcium Chloride, CaCI 2

3.6 Strontium Chloride* SrCl2

3.7 Barium Fluoridep 8aCt2

Presented In each subsection are information and date In the

following order

a text describing the material and discussing the datat

analysis, and recommendations.

a table of recommended (including provisional) values on

n, dnldXv and dnldT#

a figure of n,

a figure of in/dAv

a figure of dnldTo

a table of measurement informa ion on n,

a table of exoerlmental date on n,

a table of measurement information on dn/dT 'if anylp

a table of experimental data an dntdT (if anyl,

a table for comparison of orooosed disomrsion equations

(if any).



tn all figures containing experimental datap a data set tis

denoted by the number assi gned' In the accomIo3flyini tqbies on thn

measurement Information and experimenta data. When several sets

of data are too close to be resolvpdp some of the data sets.

though listed in the tables, are omitted from the figure for the

sake of clarity.

In the figures for index n ind dn/dTP thi wavelength is

plotted on a logarithvic scale In order to cover a 4ide

wavelength range in a single plot. In the figures for dn/dAp

both dn/dA and X are logarlthfficslly plitted. Tho tables on the

measurement informaition give for each set of IatA the folloaing

information: the reference numberp authorls name (or names), year

of ouhlication, experimental method used for thi memsurpment.

wavelength range .coverel by the data, temperature~ range, the

description and characterization of the soecimen, and Information

on measurement conditions contained in the original paper. 11
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these tables the code designations used for the experimental

methods for refractive Index determinations are as following:

A Abeles method

0 Oeviation method (prism method)

P Pulfrich or Abbe refractometer

I Interference method

T Transmission method

R Reflection method

M Immersion method

H High freqency modulation method

B Brewster angle method

C Polarization method

S Thickness determination mechod

L Multilayer method

F Focal length method

The methods listed above are arranged in the order of the

irherent accuracy or their popularity. The deviation method is

the most oopular and accurate means of determining the refractive

Indices to the fifth decimal Place or better. The Pulfrich

refractometer and interference techninje can be uPd up to the

fourth decimal place. Transmission, reflection, and immersion

methods yield results good to the third olacep while the

multilayer and focal length results are no better thar two or

three places. For a comprehensive yet concise rewiew of all

these methods# the reader Is referred to the text in 181 and (91.

-4(
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For some materials, dispersion equations have been oroopsed

in a number of earlier works. In such clses, a table listing a

few typical proposed eouations is given. All equations are

converted to the form of qo (7) whenever oossihle so as to

facilitate a visual comparison. This table is hy no %mans an

exhaustive collection; however. it gives the readqr a qeneral

picture on the evolution of the dispersion formulas used in the

calculation of the refractive index.

In the tables of recommended (i'nclidinq Provisionall values#

the values are presented with steo-wis% increasing increments in

wavelength. The magnitudes of the incrgnents vary with the slope

and curvature of the curve to facilitate linear interpolations.

The following scheme (in units of micrometer) is uniformly

adopted for this presentation.

Wavelength range Increment

<0.30 0.00?

0.30-0.40 0.005

0.40-0.60 0.01

0.60-1.00 0.02

1.00-5.00 0.05

5.00-10.0 0.10

10.00-15.00 0.20

>15.00 0.50

In the tables# values for each property are given to the

some number of decimal *laces in order to show the variation of
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the property and for tabular smoothness; this should not be

interpreted as indicative of the accuracy of the values. The

uncertainties of the tabulated values for the refractive index,

dnldA and dnldT for each material In different wavelength ranges

is given in the discussion pertaininj to the material. In

connection with thist the tabulated values are classified as

"recommended values" or "provisional values". The criteria of

the classification depend uoon the Ievel of confidence in the

values as given below:

Uncertainty range Classification

For refractive index:

-0.005 recom,"ended

>1).005 orovisional

For dnldT (in units of 10-' K-1):

-3.0 recommendel

>3.0 provisional

It should be noted that recoimendations are made only for the

bulk materials at 2q3 K in the transparent wa-lenqth region.

In generalp refractive Indices obtained by the deviation

method are reported to the fifth or sixth dqcimel place.

However# detailed compositions and characterizations of the

specimens are usually not clearly qiven. Since impurities in the

saffole and conditions of the surfaces are decisive factors

affecting the observed results. such highly orecisi data can not

be anolled to a samole chosen at random. For this reason we do
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not attesot to recoemend any particular set of data with the

reoorted high accuracy, but to generqte the most Probable values

for the pure crystals. As I rosulto the estimstd uncertainties

for the recommended values on the refractive index are higher

than those for the repoited dAta obtained by high-precision

measurements. Zn this work* the hiqhest estimated accuracy of

the refractive index is to the fourth decimal Place.

I ----.---. - -- _ _ _ _ _ -..-.- .---- -
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3.1 Calcium Fluoride, CaF 2

Calciup fluoride, one of the fluorite-tyoe crystals, is of

considerable interest from the exoerimental and theoretical point

of view. The conpound is ionic but, in contrast to binary N3CI-

type crystals# it has a number of structural features associated

primarily with the presence of two equivalent F- ions in a init

fluorite cell.

Rather pure single crystal calciu* fluoride is found in

nature and is called " Fluorite "I or " Fluorsoar ". Calcium

f luoride of simi lar our ityp but of larger dimensions, has oeen

produced by controlled freezing of purified molten calcium

fluoride after an initial scavenqinq with l.d fluoride.

Fluorspar is widely used in iron foundry ooerations, the

manufacture of primary alumimum and magnesium, as source of

fluorine chemicals, for the Producti3n of qlass and enamelso and

innumerable other uses.

Calcium fluoride has been an imoortant ootical material used

In the design of optical components and systems for many years

because it occurs naturally in large sizes and many measurements

on the refractive indeK are avai labia. The crystal is

transparent in the region from about 0.15 to 15 micrometers, The

transparent region may be divided into three subregions in each

of which CaF 2 has useful applications. From 0.15 uo to 0.3

micrometer and fromi 6.0 up to IS micrometers the disrersion Is
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high and the crystal is used for high dispersion devices, in

spite of low transmittance at the iit . In the region from 0.3

uo to 6.0 micrometers disparsior is low but transmissior is high.

and it is therefore used as winlows and lenses in opticil

sys tems.

Among the alkaline earth halides, calcium fluoride is the

most used material. One of the reasons is that it is readily

available in large si~es. In the oresent work we have como iled

more than thirty data sets. The earliest measurement on the

refractive index of CaF 2 was made by Stefan 1?81 in 1871. Since

then, numerous observations were carried out. Among the early

active investigators are Ruhens I3M, Paschen 1371 and Martens

1411. As can be anticinatedp the early work was performed in the

transparent region by the prism method. As a result, refractive

indices of CaF 2  in the wavelength region from 0.1 to 4.43

micrometers were already available by the turn of the century.

Coblentz [9l in 1920P roduced the measured and comouted values

of Langley [3q91 Paschen [3q1 and Rubens [351 to a common

temperature of 293K and after careful analysis adooted a table of

refractive index from a smooth curve drawn through these data.

This table of refractive index was thought to reoresent the most

accurate and comprehensive values available in the literature.

Arother table of refractive Index was compiled by Kohlrausch (931

in 1940, Including data in the ultraviolet region.
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It can also be anticipated that refractive Inlices in tPte

visible region are accurate# while those in the Invisib a regions

need further verification because of inadeouate Infrared

detecting devices and inaccurate soectral line identification.

Most of these data have been referenced and compared and quoted

in the literature through the years* but no further measurement

in this region was made until 1q63, when Malitson (481 performed

a systematic measurement of the refractive index for both natural

ard synthetic CaF 2 crystals in the spectral region from 0.22 to

9.73 micrometers, using the orism method. He found that the

difference in refractive index of the synthetic and natural

fluorite is of the order of 3EIO-%o This excellent agreesent

between samoles demonstrates that the artificial crystals ohen

crooerly synthesized, should be comparable in refractive

prooerties to good natural fluorite. Compared with values of

Coblontz and KohIrausch, good agreement is observed in the

visitble region and discrepancies occur in the ultraviolet and

infrared as expected.

Experimental measurements on the refractive index of CaF2 in

the transparent region were mad* for the purpose of optical

applications such as optical components and system designp

particularly for the ultraviolet and infrared regions.

Experimental studies outside the transparent region were

perforred with different purooses in mind. In th% ultraviolet

region the main Interest is to determine the bend structure of

the crystal. Because of high absorption in the vacuum
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ultraviolet, the optical oroperties in the short wavel9,1th

region can only be derived through the analysis of reflection

spectra. Fabre et al. [401 found. through Kramers-Kroniq

analysis, a strong absorotion Peak located at n.112 micrometer

which sets the lower wavelength limit of the tranqoirency of Car,.

Field at al. 1521 found, by the oscillator fit method, that the

absorption peak nearest to the trinsoarent region is at 0.119

micrometer. The complexity of absorption in the 1JV region is

revealed by further exploration into the UV region with higher

photon energy. Ganin at al. 1531 studied the optical pronertles

Ir the energy range 5-20 eV by Kramers-Kroniq analysis of the

reflection spectrum. In addition to the first absorption peak at

C.112 micrometer, he observed more absorption Peaks w ith

intensities comparable to that of the first peak. Further

cetails of the reflection soactrun in the UV re.ion -ere

investigated by Rubloff [241. with ehoton energy uo to 36 &VP at

three temperatures as shown in fiqure 4 and table 7.

In the far infrared regionk the ourpose of the majority of

studies has been to determine precisely the frequencies of the

optically active lattice vibrations, aid the refractive index at

Icng wavelength. In the absence of obsorotion, refract ive index

at long wavelength is approximately the square root of the ststic

dielectric constant. Berman st 3l. 1501 investigated the region

from ZQ4 to 580 micrometer using the reflection ani transmission

method. The resulted refractive Indices in the region from ?1QO

-to 540 show no dlsoersion within the limits of experimental error
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and the averaged value of refractive Index, 2.58P is in agreeent

with that calculated from the static dielectric constant.

However, dispersion in n occurs in the region from 11O to Z80

micrometer. Kaiser et al. 1171 studied the reflection spectrum

in the restrahlen region from 10 to AO micrometer. Two

absorotion peaks were deduced from the reflection spectrum by the

Lorentz oscillator theory. The stron.]er one, at 3A.9 micrometer,

was Identified as the optical active TO resonance and the other

one, about one order of magnitude weaker, is at 30.5. the origin

of this weaker absorption was unknown and Kaiser nroposed the

possibility of a two-ohonon combination band Involving the TO

mode. However, this weak absorption does not appear in Lownles'

work [151 in which the reflection spectrum was studied by

Kramers-Kronig analysis. Since Lowndes may have used a purer

sample than that used by Kaiserv it is likely that the weaker

absorption at 30.5 micrometer is due to impurity contents of the

S3mP | 1.

n.n the basis of our review of available dat,4o data sets

measured by Malitson 1481, Martens 1411 and Paschen (401 4ere

selected as the basis for reference data generation because of

the consistency of their results. Malitson used the Sellmeicr

formula to mathematically fit his expe r imenta I data. The

resulting SelImeler formula is listed in table 17, w1tere

disairsion equations proposed by various investigators are listed

tcgether to facilitate a visual comparison. The optical

dielectric constant calculated from his equation is 2.04, wiich
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is in agreement with those obtained from other disoer;ion

equations. However, the static dielectric constant based on his

equation is 5.847P subtantially lower thin the exaeriment l

values 6.S1. This large discreoancy is mainly due to a low value

of the infrared absorotion wavelength used in his iquation. The

disoersion equation obtained by Martens included three terms due

to infrared absorotion and yielded a value of 6.Q2 for the st3tic

dielectric constant. 4e used as wavelengths of the three

absorption bands 24.0, 31.b, and 40).53 micrometers. The se:ond

corresponds to that reported by Kaiser et al. and the third and

first correspond to the TO and LO mode ohonons resoectively.

Although these wavelengths are some.hat longer than the

ccrrespondin2 but more reliable valugs now available, it is

indeed a surorising that Martens could make a orediction based on

the then available refractive index da:a in i limited wavelength

range.

To account for the ultraviolet absorption effects. Malitson

used two terms. the one with the longer resonant wavelength

representing the total effect of the ftyst few strong absorption

peaks and the other reDresenting the effect of the remaininq

absorotion. Martens used a single term and a constant to account

for the effect of utraviolet absorptions. The first term

represented the total effect of excitations of electrons from the

uooer valence bands to the lower conduction bands. while the

constant represented the total effect of excitations of the

outermost core electrons, and interband and ionizating
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transitions.

In the oresent work# we followed Marten's treatment for uv

contributions and used the available wavelengths of optical

phonons for the Infrared terms In the dispersion equaticn. Mtore

precisely, the equation consists of a constantp one term frow uv

contributions and two terms from infrared contributions. The

following two values were chosen as the wavelengths of optical

ph onons:

XLO =21o.8 micrometers (average of two entries in table 6),

XTO =38.46 micrometers laverage of three entries in table 6)

Tte calculation yielded the following dispersion equation for

CaF 2 at 213 K in the transparent region, 0.15 - 12.0 micrometers:

0. 69913 >S 40.11994) 2 + 4.35181X 2

n -(0. 09374) + +-21.18)7 >2 (38.46)1, (15)

where A is in units of micrometer.

This dispersion equation closely fits Malitson's values,

with a root mean square residual of 2.4xI0 - s in the soectrel

region from 0.22 to about 10.0 micrometers. However, in

extending the use of the equation beyond this region care must he

exercised because of the uncertain accuracy with which it

represents effects of the nearby absorotion binds. In the

Infrared region, beyond 10.0 micrometers, this equation would be

expected to be valid up to 12 micrometers, because Rbsorption

bands in far infrared regions have little effect on the

refractive Index in the transparent roglon. In the ultraviolet



region the situation is different. The effective wavelengthp Aug

can be used in reoresentini the total effect of 4 number of

absorotion bands on the refractive index in the transparent

region far enough from the first exciton oeak at 0.11?

micrometerr but in the spectral range from 0.15 to 0.??

microseter errors may arise from errors in the values of

wNich was determined by fitting the Rvai lable date at wavelengths

lonjer than 0.22 micrometers. An estimate of an upper limit on

the uncertainties can be evaluated by the following eluation,

obtained by dlfferentiatinq ea (15) with resoect to Al:

0.69913 X2  U(16)

wher, AA = 0.112-X
U u

The optical dielectric constant obtained from eq (15) is

2.03866P in qood agreement with that from other work. The static

diectric constant imolied by this equation is 6.511P about 0.3

less than Andeenis value Isee table 5). This discrepancy is no

lar'er than is to be expected* since there ire still "any

resonant far infrared absorotiorst not accounted for by ea (15).

wl'ich make small contributions to the static dielectric constant.

The Sellmeier formula is at best an ipproximation describing the

observed data in the transparent region by neglecting the damping

factors in the dispersion equation. Ignoring the damping factors

effectively reduces the magnitude of the coefficients of the

corresponding termsp and leads to a smaller value of the static
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dielectric constant.

In addition to the room temperature refractive Index, dn/dT

date is needed for evaluation of n at other temoeritures. ARonI

the alkaline earth halides* calcium fluoride is the only material

for which dnldT has been frequently investigated. The resulting

data are given in figure 10 and table 13. It is clear from

figure 10 that discrepancies between investigators are ouite

appreciable at wavelengths longer than that of visible lilht.

However, the magnitule of the discrepancies is in the order of I

to 2x1O- 6 K- I, and they may be due to uncertainties in the

determination of refractive indices, because the temperature

Irtervals used In these experiments arq in general less than 101

degrees; thus discrenancies of a few units in the fifth deciaal

place or of one unit in the fourth place of the refractive

indices will give noticeable discrepancies in dn/dT. It can be

seen from figure 10 that the discrepaicles become noticeable in

the region beyond about one micrometer in the infrared.

Experimental errors in measuring refrac.ive indices are likely to

be large in this region because no nhotographic method can be

used. Howeverp among the available data, those reported by

Lipson et al. (591, by Harris at al. 1601 and by Tsay et al. iq?)

were obtained by using an interferencee method in which dnlT was

determined directly by obsorving the changes in the number of

fringes in a given temperature Interval. This method Is believed

to be the most accurate method for the determination of dnldT,

but data obtained by this method are availabli only at fivq
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spectral lines, of wavelengths 0.325P 0.4416P 0.63Z8P 1.15 and

3.39 micrometers.

With the existinq data we have no alternative but to use the

data of Micheli 156l Liebreich 157. 5l and Malitson 4I1 at

wavelengths shorter than 0.8 micrometer in the determination of

tle coefficients of the constant and ultraviolet terms,

ieglecting the Infrared terms. This aoproximition is valid

because a simple calculation will show that the effect of the

infrared terms on dnldT in the wavelength range mentioned is less

than 0.1# while the magnitude of dn/lT is about 10. Then, by

using the data of Lipson et al. 1541 and of Tsay st il. [Q?. in

t.1e calculation of the coefficients of the infrared terms. we

found the equation given below, which closely fits the selected

data:

din 44.9) 4  151.54 X2
2nd -16.6 - 57.3(n - - 1) + [X2 - (0.09374)zz Xz - (38.46)2

(17)
1654.6 X4

+ [j - ( 3 8 . 4 6)ZJ2

Data on the temperature dependelce of dnldT have been

obtained for five spectral lines by Houston et al. (471.

Selezneva 164.1 Lipson et al. 159) and Tsay at 31. 192). The

measurement information and results of their work are given in

ta'les 15 and 16 and are plotted In figure 11. A general trend

revealed by the available data is that in the vicinity of room

temperature the magnitude of dnldT iicreases slightly with
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temperature. Although available data on dnldT versus temperature

are limited to a few particular wavelengths, the name trend is

likely to hold at other wavelengths. A similar effect was noted

by Malitson (48). The possible origii of this increase was

d iscussed by Lipson et al. and Tsay at al., with the conclusion

that the dn/dT of CaF 2 exhibits a variation witl temperature

ccmparable to that of the thermal exoansion coefficient.

Howeverp the relation between the variation of dnldT with

temperature and the change of the thermal expansion coefficient

has not yet been established for general applications because it

varies very much with wavelength. For the time being the

application of eq (4) to evaluate dnldT at temoeratures not far

from ?q3K is recommended.

Fquations (15) and (17) were used to generate the reference

data given in the table of recommended values. The values of dn/dX

were simply evaluated by the first derivative of eq (15).

Although the values of n are given to the fifth decimal place and

those of dnldT to the first, this does not reflect the accuracy

and reliability of the results; they are so given simply for

smoothness of tabulation. For the prover use of the tahulated

values the reader should follow he criteria given below.

For refractive index:

Wavelength range Estimated

micrometer uncer taintye-

0.15-0.20 0.005



). 20-0.3 0 0. 0005

0.30-0.40 0.0002

0.40-0.0 0.0001

9.0-10.0 1.0005

10.0-12.0 0.005

For dn/dT:

0.15-0.20 3.0

0.20-0.30 ?.0

0).30-1.0O0 1.0

1.0-6.0 1.5

6.0-10.0 2.0

10.0-12.0 3.0

t i
• I
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TABLE G. RECOMMENDOE VALUES 04 THE REFRACTIVE INOE NO ITS NAVELENGTt ANO

VFNPERATURF DERIVATIVES FOR CALCIUq FLUORIOE AT 293K*

1 -/d' d./rr A -dn/da dn/dr A -dn/da dn/dT
lm uMK 1 K u a uftm

- 
1 urn

6 
K-1 mrm

" 
aO ' K-

q.o00 i~sso .ioqt 6.1 6.2r0 L.4609? 0.rM40 -8.1 0.700 1.43180 0.0145' -10.f
4.15Z I.57095 Z. 003 5 .? 0.272 1.46043 0.( 9? -A.1 0.720 1.43152 0.01 3S1 -11.t
0.154 1.565!4 2.71219 4.3 0.2?. 1.15990 0.26300 -8.2 0.740 1.43126 0.01Z(3 -10.6
O.15b t.56004 2.S'22 3. 0.276 1.41591 0.25645 -6.2 9.760 1.43102 0.01170 i 10.6
0.158 1.Ssll7 2.3451.0 2.1 0.278 1.4588 0.25013 -8.3 0.?80 1.3079 0.0113? -10.6

6.160 1.55054 Z.azqq z.o 0.RO 1.45434 0.24401 -6.3 0.600 1.43057 0.0101. -10.?
0-16Z 1.56611 2.11252 1.7 0.282 1.45798 0.23811 -8.. 0.820 1.43037 0. 0Gg084 -.. 1
0.164 1.5''08 1.lq?E 1.1 0.284 1.1S.42 0.23?40 -8. 0.81i0 1.4301', 0.00932 -10.7
0.166 i.'08'1 I .88?3 0.6 0.246 1.4566q O.22q7 -8.. 0.660 1.43000 0.01885 -1 .7
0.166 1.53 55 i .78Ob 0.t 0.28R 1.4565? 0.22153 -4.5 0.880 1.42982 0.03463 -10.7

6.070 1.53104 1 .pil657 -0.3 0.290 1.1.5S91 0.21634 -8.5 0.900 1.1.7966 0.00805 -10.7
8.172 1.57750 I.8q1.? -0.1 0.292 1..5565 0.21135 -1.6 0.920 1..?950 0.33770 -10.T
0.174 1.5246R 1.5181.6 -t.1 0.29 1.15520 0.20sO -i.) 0.940 1..q235 0.30r39 -to.?
0.176 1.5717? 1 .41..3 4 -1.5 0.2 9 1.14.52 O.ZO1O -8.6 0.960 1.4Zq21 0oG3711 -13.7
0.1t8 1.51090 1.371f -1.8 0.Z94 1.45442 0.19721 -a.? 0.980 1.42907 0.001.8, -10.7

0.180 1.51622 1.!044Z -2.1 0.300 1.15103 0.19284 -8.? 1.000 1.42893 0.0063 -10.7
0.14? 1.5104' 1.247-4 -?.A. 0.005 1.45318 0.18?3q -8.8 1.050 1.4.2861 0.30614. -13.M
0.184. 1.t112 I3 1.1Qt01 -2.7 0.110 1.457??1 0.1271 -8.9 1.100 1.4232 0.00576 -1a.q
0.186 1. S00 1.13730 -0.0 0. I1 1.1.51 7 0.1637Z -0.9 1.150 1. 2801. 0. 005 -10.8
0.148 1.59"6 1.08731 -5.3 0.320 1.45057 0.1SS36 -9.0 1.200 1.42777 0.03S22 -10.8

0,190 1.5045c 1.01n.3 -3.s 0.32r 1.44q41 0.14757 -9.1 1.250 1.4??1 0.00505 -10.8
0.192 I.Si'5t o.qq6 -3.7 0.300 1.44 .09 0.11032 -9.1 1.300 1.4?26 0.00491 -13.0
6.1%1 1. S035 0.547S -4.0 0.135 1.44481 0.13354 -9.2 1.350 1.4270Z 0.01481 -13.8
0.16 1.1.986 0.011.t3 -4.2 0.360 1.4476 0.12721 -9.3 1.400 1.12679 0.0014 -1A.5
0.194 1.4q6q3 0.87875 -4.4 0.365 1-44714 0.12128 -9.3 1.150 t.12655 0.00470 -10.8

0.200 1.19,51 0.813q2 -4.6 8.150 1.165&k 0.11573 -q.4 1.500 1.12631 0.00.f7 -10.P
0.202 1.4905? 0.81101 -4.8 0.355 1.44598 0.11052 -q.4 1.550 1.16?(04 0.004(7 -10.8

0.201 1.41.91 0.79P? -4.9 0.360 1.44544 0.10563 -9.5 1.620 1.4255 0.00464 -13.P
0.206 1.4911q f .75039 -5.1 0.365 1.44492 0.10103 -9.5 1.650 1.47561 0. 0470 -10.?
0.?06 1.4qqq 0.72246 -5.2 0.370 1.46443 0.09670 -9.6 1.7C0 1.42534 0.00473 -10.8

0.210 1.46761 0.69Sq6 -5.4 0.375 1.14396 0.09263 -9.6 1.T50 1.1514 0.00477 -IV.
0.212 1. 4t% 11 0."Z'P -5.5 0.380 1.4435f0 0.08878 -9.6 1.800 1.12490 0.0045? -10.8

O.t1 1.184 16 4 q -5.7 0.385 1.407 0.08516 -9.7 1.850 1.4.2466 O.3068i -13.1
0.?16 1.1856 0.6241 -5.0 0.390 1.44265,S 0.01173 "q. 1.900 1.42141 0.00414 -10.1%

0.Z18 1.18 23 0.60298 -i.1 0.0q5 1.44225 0.07849 -9.7 1.950 1..2416 0.33501 -10.8

0.220 1.1.81t4 O.Sjtqq -6.1 0.400 1.44146 0.07643 -q.4 '.000 1.42391 0.00508 -10.8

0.222 1.4 0 0.56231 -6.2 0.410 1.44114 0.06978 -9.8 2.v'O 1.2365 0.00516 -10.8
0.?24 1.47841 0.5,4.08 -4.3 0.420 1.44047 0.064469 -9.9 2.100 1.41300 0.03521. -1311
8.226 1.1.7741 0.52583 -6.4 0.430 1.43q8 0.06011 -9.9 2.150 1.-213 3.33532 -10.5
0.228 1.47679 0.50880 -6.5 0.440 1.439?6 0.0S597 -10.0 2.200 1.42?1' 0.00541 -10.8

0.230 1.4?579 0. 4q?52 -6.6 0.450 1.43872 0.05221 -10.0 2.250 1.42259 0.0 5S; -13.8
0.232 i.471.A4 0. 4 76 1(, -6.7 0.460 1.434?2 0.04180 -10.1 2.300 1.12231 0.00851 -10.8
O.Z4 1.47344 0.462PR -6.4 0.479 1.4377S 0.04569 -10.1 2.350 1.42203 0.00569 -1.
0.236 1. 47q7 01.478' -6.9 0.480 1.43730 0.042A5 -t.1 2.400 1.12174 3. 005? -10.R
0.238 1.47?01 0.431.1 -7.0 0.490 1.4.38M9 0.04025 -10.2 2.450 1.42145 0.00588 -10.8

0.240 1.47121 0.1.2112 -?.1 0-500 1.63650 0.0378? -10.2 2.500 1.4211( 0.005q -10.8
6.242 1.470(10 0.480MF -?.2 0.510 1.436 3 0.03S65 -10.2 2.550 1..2055 0.0000A -10.8
0.244 1.46h96 0.39658 -. ? 0.520 1.43578 0.0336r -10.3 2.600 1.4205S 0.01 q -13.8
0.246 1.41.6? 0.385a0 -?.0 0.530 1.43546 0.00182 -10.3 2.650 1.42024 0.00 29 -10.R
0.215 1.41.81 0.17398 -?.4 0.540 1.43515 0.03011 -10.3 2.?00 1.41992 0.02640 -10.7

0.250 14737 0.163315 -7.S 0.550 1.6445 0. 021453 -10.3 2.750 1.61960 0.00650 -10.?
0.252 1 .1.6ik1 0.. I1I -7.S 0.560 1..345A 0.02706 -10t. Z.A00 1.41927 0.00661 -10.7
0.281 1.4,6511 0.10 -7.6 0.570 1.1.31.1 0.02571 -10.4 2.50 1.61094 0.0067? -10.?
0.?26 1. 46?! 0.33086 -7.7 0.580 1.1.3406 0.021145 -10.4 2.900 1.41860 0.01683 -17.7
0.258 I.&.'' 0.0747' -7.7 0.590 1.431? 0.023?0 -10.1. 2.9S0 1.416,5 0.00694 -1G.7

0-20 1.'461 8.0561 -P.4 0.600 1.41360 0.071q -10. 3.000 1.41790 0.O0l70 -10.7
0.2? 1.6401 0.0In *?.- 0..20 t.13017 0.02OZ0 -10.5 3.050 t.A1755 0.00"16 -10.7
0.2b% 1. 4.,' 0. 7'4.. -7.9 0.640 1.1637F8 0.01852 -10.5 J.00 1.60719 O.0??8 -10. 1
5.?G, I.'.'t p.;13 -4.0 0.1,60 t.43743 0.0170? -1O.$ I.1S0 1.41(82 0.00731 -t07

1.64 1.46t4 0. '48 -4.0 0.1.0 1.43210 0.01570 -10.5 3.200 1.414 0.00750 -10.7
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TAKLE 0. QECQAMENqED VALUES ON THE REFRACTIVE INDEX AND ITS WAVELENGTH AND

CE040ERATURE DERIVATIVES FOR CALCOU4 FLUORIDE AT Zq18, (CONTINUED)*

A-dn/cdA dhn/E -dn/dA dn/dT AL-nd dn/cfr
ur r' lOr'6 K-1 Jim um'r 10'IK-1 JAM tot

3.5 .. 6700??-10.7 4.450 1.60077 9.011S9 -10.3 7.900 1.35199 0.020016 -0.8.
3.300 1.4i.15. 0.00??' -10.? 6..qoo 1.40otq 0.011?? -10.1 8.800 1.34.9R9 0.0?121 -0.2
3.350 1.40133 o.oo?7-; -t0.? '..qso 1.3qq6a 0.01145 -10.3 8.100 1.36.775 0.02157 -0.1
3.6.00 i.'.i'.so 0.00797 -1o.6 S.000 1.39,110 o.011qq -10.2 0.200 1.06.55? 0.0219. -0.0
3.6.50 1.6.16.50 0.00809 -11.h 5.100 1.3977q 0.01225 -10.? 0.300 1.36.336 0.oz231 -?.q

3.S00 1.4t44.9 0 .000120 -10.4 S.200 1* !961,c 0.0125 -10.2 8.6.00 1.36.111 0.0721.1 -7.8
3.550 1.6.1164 0.01432 -16.b 5.300 t.395?' 0.QtZA0 -10.1 1.500 1.3344? 0.02507 -7.7
3.600 1.4.11?6 8.0044. -t0.c 5.6.00 *.3939q 0.01 30? -10.1 5.600 1.3364.9 0.3 0.' -7.11
3.650 1. W1'01 0.0004'. -10.6, rA.00 1.39267r 0.01335 -10.0 R.7?00 1.33411 a0..013.% -F.4
3.700 161.00.000F8 -10.6 5.600 1.39112 0.01363 -10.0 6-.00 1. 33071 0.024.24 -7.3

3.150 1.4119? fl.00086 -10S. 5,700 1.!Rq9S 0.01391 -9.9 0.900 1.37C24 0.0264 -7.1
3.800 1.6.1W5 0.000l1-1.1 5.800 1.!4154. 0.014?0 -4.q 9.000 1.326010 0.0?50. -7.0
3.850 1.4.110 7 0.050 -00.6_t r 5.060 1.38711 0.011.4. -9.0 .0 .?.? .?45 -.
3.900 1.6.106? 0.0091? 1.. 6001356 .1.? -. 9.100 1.32171 0.07546 -6.?

3.5 ..11 .099-05 6.1000 1.34"41 0.014?7 -9.7 930 1.31710 0.02630 -6.5

41.000 1 .6.9163 0.009.2 -10.5 6i.200 1.38263 0.01536 -9.7 q.6400 1.3164.5 0.026 73 -6.3
4.050 1.1-5921 0.03W5. -10.5 6.300 1.30100 3.01566 -9.6F 9.500 1.31375 0.02716. -f6.1
##.100 1.6.0070 3.0Do916 -10.5 6.4.00 1.3?gSo 3.015%6 -9.6 9.600 1.31101 0.32?61 -6.0
4.150 1.4.042S 0 . "O097? -10.5 6.500 1.37?Oq9 3.01626 -9.s 9.700 1.30023 0.02006 -5.01
4.200 1.6.0776 0.00991 -13.5 6.600 1.37625 0.0165? -9.6. 9.000 1.3056.0 0.0205? -5.6

4.250 1.6.0726 0.01006. -10.5 6.700 1.37650 0.01680 -9.6. 9.900 1.30253 0.02098 -S.4.
6.300 1.4.0675 0.01017 -10.5 6.000 1.!7287 0.01719 -9.3 10.000 1.29961 0.0296.5 -5.2
4.350 1.46.024. 0.002q -10.6. 6.900 1.Z7116. 0.01750 -9.2 10.200 1.29362 0.0304.2 -4.?
4.400 1.6057? 0.0104.2 -10.6. 7.000 1.3b93? 0.017s2 -9.2 10.6.00 1.286.64 0.0316.2 -4..3
6.6.50 1.6.0520 0.01055 -10.4. 7.100 1.36757 3.01015 -9.1 10.600 1.28105 0.0324.5 -3.8

4.500 1.61.067 0 .0106E -10.6. ?.200 1.365?' . 001467 -9.0 10.000 1.276.65 0.03352 -3.3
6.550 1.6.04.1 0.01080 -10.6. ?.100 1.36360B 0.01060 -0.9 11.000 1.26764. 0.0364 -2.?
6.600 1.6.1159 0.01393 -10.1. 7.6.00 1.3619A 0. 01q1 3 -8.e 11.200 1.26G60 0.03579 -2.1
6P.650 1.4.01. 0.01106 -10.4. 7.500 1 '0115s 0.0191.7 -8.7 11.6.00 1.25312 0.03699 -_ *

4.700 1.4.0!%4 0.01119 -10.3 F.600 L.35409 0.01981 -6.? 11.600 1.24.580 0.03023 -0.0

46.750 1.64919? 0.01112 -10.1 ?.To00 1. I5609 0.02016 -0.6 11.000 1.230102 0.0193 -0.0
4.800 1.60135 0.0114.6 -10.3 7.800 1.I5406 0.02050 -0.5 12.000 1.2 2 C94A 0.06.089 0.7

IN THIS TAILF MORE fIECI"AL PLACES RCE rEPORTED THAN WARRANTED MERELY FCR THE PURPOSE OF TABULAR
SMOOTHNESS AND TNdTF~kOL COM4PARISON. ros UNCFRrAINTrVS OF TABULATED VoLUrS [IN VARICUS OCAVELFNGYM
RANGES, SEE TI,? TEXT OF SUBSECTION 3.1.
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3.2 Strontium Fluoride, SrF.

Strontium fluoride* one of the fluorite-type crystals# is of

considerable interest from the experimental and theoretical Point

of view. The compound is ionic but# in contrast to NaCI-tvoe

crystals, it has a number of structural features associated

primarily with the oresence of two equivalent F- ions in a unit

cell.

Strontium fluoride crystal has a large electronic forbidden

gap and therefore the fundamental absorption is found to be in

the vacuum ultraviolet beyond 10 eV. As a consequeice,

transparency of the crystal extends into ultraviolet region to as

low as 0.12 micrometer. This makes strontium fluoride a faterial

useful In fabrication of optical components for vacuum

Jltraviolet investigations.

The strontium fluoride crystal belongs to the soace group nls

ard is exoected to have one Infrared active transverse opticsl

mod-t (Tr)) of vibration. The cofresponding strong resonant

absorotion occurs at about 46 micrometers. Howevr, the long

wavelength limit of transparency for notical usages is about 20

m icrometers.

Although the crystal is transparent from 0.12 up to 20

m icrometersp only In the region 0.3-7 micrometers is the

disnersion low and the transmission high. less transmission and

hiqhor dispersion are found near the low and high limits. From
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the ooint of view of optical anplications, the crystal is a good

window material for wavelength, from 0.3 to 7.0 micrometers, and

is . preferred materiel of dispersion devices, such as orisms,

for regions near the ultraviolet and infrared limits of the

crystel.

Having low dispersion and high traismission In the spectral

region of 2-6 micrometers& being not hygroscooicv having a high

optical figure of merit and having better mechanicil orooerties

than the alkali halides, the strontium fluoride crystal is anong

the serious candidates for laser window matqrials. The

widespread use of SrF 2 as a host crystal in Iser applications

encouraged attempts to grow single crystals with low impurity

content. However, difficulties were experienced in the growth of

pure crystals because of the low electronic mobility of

conduction electrons In the crystRl. Synthetic material of high

ourity is now commercially available or may be made by reacting

the purified oxide or chloride with gaseous HF. Single crystals

of SrF 2 can be grown by using the Stockbarger-Bridnman technique

if adequate precautions are taken to Llipinate oxygen and water

from the atmosphere of the growing process. The crystal cleaves

readily along (1,1,v1 planes which meet to form <1.1,0> cleavage

edges. The cleavage is of value in the alignment of specimens.

It would be misleading to think that the ootical prooerties

of SrP have been extensively studied and that experimental data

aq
are readily at our disposal. A quick scan o the data will show

_ !
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that there are wide gaps and large dlscrepanciesl spe figure 12

and tables 19 and 20.

Strontium fluoride is receiving considerable attention since

it has a nearly Ideal host lattice for paramagnetic ions. The

ionic radius of Sr*+(I.IOA) is close to those of the ions of the

rare-earth group and certain elements of the actinide group.

Strontium fluoride doped with up to one oercent of some foreign

ions demonstrates observable fluorescence. Because of this# some

investigations have been directed toward finding evidence of

interactions between electronic transitions and lattice

vibrations of this host crystal. Data from this work is

ccncentrated near the restrahlen region. Only one set of date is

available for the refractive indet In the Infrared region from 15

to 80 micrometers: Kaiser et al. 1171. The accuracy of this set

of data is open to Question because it was deduced from the

reflection spectrum by classic disoersion theory. However, the

soectrai positions obtained for the fundamental absorotion oeaks

were in agreement with those obtainel from other sources. In

addition, the static dielectric constant derived froM the

disoersion 9quation agrees with their own exoerimtnta: velues.

which in turn agree with measurements of Andeen et al. ti19 ar

of Lowndes 1151. This additional evidence positively supoort the

correctness of their nositions for the infrared absorotion Peaks.

At the other Pxtreme, research activities were directed

toward findinq the electronic structure of the crystal. Since
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strontium fluoride has a large forbidden gaop much of the oork

was carried out in the vacuum ultraviolet. Lukirskit et al.1631

measured the refractive index for the wavelength region from

0.002 to 0.112 micrometer@ Niser et ii.k2%1 for 0.03 to 0.1234

micrometer and Ganin et al.1531 for 0.06 to 0.?5 micrometer.

Since all of them obtained their results by reducinq the observed

reflection spectra. discrepancies amonq their results are to be

expected. However, all these studies yield similar structures

for the spectrum of the refractive index in the vacuum

ultraviol-et, as shown in figure 12.

With regard to the refractive index in the transparent

region. 0.3 to 7.0 micrometers, it is unfortunate that data are

available only through three experimental investigations.

Refractive indices for the mean of the sodium 0 lines and for 4.5

micrometers were renorted by Wulff et al. (621 and by Gisin t641,

respectively. Gisin's values, which were obtained for thin films

of various thicknessp are expected to be lower than that of the

bulk crystal. The only data set which covers a wide transparent

region from 0.37 to 10 micrometer is a set of preliminary data by

the OPTOVAC companyp compiled by Oickison 1h51. As the data set

was presented in a coarse diagramp values read from this diagram

carry large uncertaintyv particularly In the near ultraviolet

region where the clotted diagram curves most. As a result, the

values read from the diagram are not adequate for data analysis.

In addition, Dickison quoted two values for refractive indices at

wavelengths 4.0 and 10.0 micrometers. The value at 4.0

4

_ _ _ _ _ _
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micrometer Is 1.44 (for a Harshaw grown crystal) which differs

considerably fro. that read from the OPTOVAC dinqram, about 1.41.

The value at 10.0 micrometers is 1.36P which Is consistent oith

the value from the diagram. Therefore, we are l9ft only one

single reliable refractive Index value. that for the mean of the

sodium 0 lines by Wulff. The value 1.36 at 10.0 micrometers,

though not accurate* will be used to evaluate the coefficients

for infrared terms.

From this brief review of available data, it may appear that

we lack data to make recommendatiois. However, we mrn not

prevented from making resonable predictions because we do have

information on Infrared absorption Peaks, the static dielectric

constanto the optical dielectric constant ani the available

refractive indices at 0.58Q micrometer by Wulff 1621 and at 10

micrometer from OPTIVAC diagram. A correlation of t'lese

quantities through the dispersion equation Is Possible. Since

rel iAhility of the oredicted value depends largely on the

reliability of these oarameters, i careful selection of tie

available data for these Parameters plays a decisive rolq in

making recommendations.

The available lat on the ootical and static dielectric

ccnstants and the wmvelength of the fundamental ootical nhonon

f Cr SrF2  are given in tables 4P 5, and 6P where values reported

by different authors were grounel to facilitate an asy

comparison. From these tabliso the Parameters at room



89

temperature are chosent

EO =6.4679O.0006 (Andeen at el.l

XLO -26.03 kmv average of two entries in table 6P

TO= 4 5. 6 O.b jim P average of three entries in table 6.

Furthermorep two facts were observed In the study of CaF2  and

BaF2 : the value of the constant term in each of the dispersion

equations is the same. 1.33q73. and the effective wavelength of

the ultraviolet absorption band in each case agrees closely with

that estimated from Rubloff's work. Assuminq that this is also

the case for SrF 2 , the coefficlent. of the ultraviolet term can

easily be determined. As the contributions of the infrared ter-s

to the refractive index at O.56q micrometer are negligibly small&

the uv coefficient can be obtained by includinq the first two

terms in the dispersion equation. Using Wulff's value, nr1..4?,

a simole calculation yields a value 0.720 for the coefficient,

which agrees well with the value, n.3, based on the difference

of the optical dielectric constant aid the constant in the

d isoersion equation.

In the determination of the coefficients of infrared termst

two observations are taken as guides. In the first olacep the

stm of the coefficients in the dispersion enustion should agree

with the static dielectric constant. However, in the cases of

CaF 2  and BaF2  this sum is less than the corresponding static

dielectric constants, about 0.3 less for CaF2 and 0.5 less for

8aF 2 * because of the approximation of neqlecting the effects of

damping factors and absorption bands other than the predominant

____ ___ ___ ___ ___ ___ ___ _______ ___ __
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Cries. A similar difference is likely to hold for SrF2  and q

value of 0.4 Is assigned to the discrepancy. corresponding to the

average of those for CaF2 and BaF2. The second fact Is that the

contribution to the refractive index from the TO phonon

predominates over that of the LO phonon. With tnese

considerations, and by using the value 1.3t for the refractive

index at 10 micrometerst the coefficients of the infrared tbrqvs

can be calculated. The results are 3.940 for the TO term and

0.066 for the LD term.

The disoersion equation thus obtained is

S0.720 X2 O. 066 >,2  3.94X 2

n2 = 1.33973 + _0.095661 + X7 - 26.032 + Xz - 45.602' (18)

Where A is in unit of micrometer. Wha this equation is used to

evaluate the refractive index at 4.0 micrometers, the result is

1.424, about 0.014 higher than that obtained from the OPTUVAC

diagram and about 0.016 lower than that of the Harshaw crystal.

The following consideration would lend support to our prediction.

Or close examination of the OPTOVAC diagram, c. e will find that a

wide section of the curve between 1.0 to 10 m.,'rometers is

actually a straight line, probably constructed by tonnecting the

data points at visible wavelengths and at 10 micrometers. This

is in contradiction to the general behavior of the refractive

index as a function of wavelength. As a rule of thumb. the

refractive index varies slowly in the wide middle section of

transoarent region, hut largo variations occur near the ends.



91

According to this rules the refractive index at 4.n micrometer

should be higher then the diagram indicates. The quoted

refractive index value for the Harshaw crystal Is apparently too

high for pure strontium fluoride. A simple calculation shows

that this value is the square root of the opticil dielectric

constant. The contribution to the refractive index in the

transoarent region from the infrared terms is alwiys negative.

At 4.0 vicrometert the refractive index must be lower than the

square root of optical dielectric constant. The hiqh refractive

index for the Harshaw crystal is probably due to impurities.

Equation (18) is used to represent the refractive index of

SrF 2 at 293K from 0.15 to 14.0 micrometers. As this equation is

obtained mainly by correlation of physical parameters which are

either available through literature or estimated empirically,

large uncertainties are expected, especially near the limits the

of transparent region. The estimated uncertainties in the

refractive index for the wide middle section, where the

dispersion is low, is about 0.005. In the ultraviolet region

from 0.15 to 0.3 micrometer, additional uncertainty is estimated

using the formula:

An O.720X)2  (i(19)

where AX u 2.19-X u s In the Infrared region from 7.0 to 14.0

micrometers the additional uncertainty mainly comes from the

uncertainty (estimated st 0.4) in the static dielectric constant.

si
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The oredominant contribution to the uncertainty is An =.4

[nitXL - 45.6'j'

Although SrF2  has been recognized as a good optical

materialo especially for laser applications where the temperature

derivative of the refractive index is a oarameter of prime

importances the experimental data on the refractive index is

scarce. With regard to dnldT data nothing was available until,

recently* Lioson et a1. 1591 reported dnldT measurement for three

spectral linesp 0.6328. 1.15 and 3.39 micrometers. and Tsay et

al. 1921 reported measurements for five lineso, 0.325# 0.4416,

0.6328v 1.15 and 3.3q micrometers. The available dn/dT date is

found to fit the equation

2nd- = -28.0- 55.2(n2 - 1) + 50.09') + 198. 1 \2 1980.8. X (20)
dT (Xz - 0. 095$66~ Xr- -45.-67 + X .6

Fquations (18) ani (201 were used to qenerate the reference

data given in the table of recommended values. Values of dn/dX

were Simply evaluated by the first derivative of eo 118l.

Although values of n are given to the fifth decimal place and dn/dT

to the first# this does not reflect the reliahility of the

numbers; they are so given simply for smoothness of tabulation.

For the groper use of the tabulated values the reader shou!d

follow the criteria given below.
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For refractive Index:

Wavelenoth range Estimated

micrometer uncertalnty,-

0.15-0.20 0.05

0.20-0.30 0.02

0.30-0.40 0.01

0.40-7.0 0.005

7.1-10.0 0.01

10.0-14.0 0.0

For dnldT:

0.15-0.20 >3.0

0.20-0.30 3.0

0.30-1.0 1.5

1.0-6.0 1.0

I6.0-q.0 .5

q.0-10.0O 2.0

10.0-14.0 3.0
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94SL( IS. N (C N f4 NOE Q VALUES T HN R EFRACTIVE INDEX N ITS WAVFLFNGTH AND

ITEPERATURF OERIVATIVES FOR STRONTIU4 FLUORIDE AT 2193k

-dn/dX dn/dT ). -dm/dX dn/dT . -dn/dX dln/dT
tum 1* K1 JAM - um- l(ri K' t  .an Mm 10- K-'

g.So t.sqrvq 3.1oqq 8.9 0.270 1.47069 0.29800 -9.1 0.e0 1.43960 0.01482 -12.3
0.152 1.59119 3.232q? 7.? O.ty7 1.46010 0.29034 -9.2 0.720 1.4393Z 0.013?1 -12.3
0.11g .S 3.01704 6.7 O.7. 1.46953 0.?'R03 -9.2 0.740 1.43q0S 0.0171 -12.3
0.16 1.5713 2.1?292 5.7 O.2?7 1.4.097 0.2?799 -9.3 0.760 1.43841 3.0112 -12.3
0.15 1.57564 2.64 50 4.4 O.Z8 1.46a43 0.26904 -9.4 0.780 1.13858 0.D1103 -12.

0.160 1.5641 2..41).13 4.0 0.240 1.k.6?90 0.76?'.6 -4.06 0.600 1.43933 0.0103? -12.4
0.16Z 1. 561$69 2.33642 3.? 0.L*42 1 .167 3f 0. z5fl0 -9.5 0.920 1.1.3817 0.00 qfh O -12.4
0.16 1.55q16 2.20104 Z.s 0.241 1.466R? 0.24947 -9.5 0.810 1.43794 0.00110 -1?.4
0.166 1.55444 2.07661 1.9 0.2?8b 1. 46638 0.21389 -9.6 0.860 1.13780 0.00q'i -17.4 I
6.168 1.55054 1.9617 1.1 0.?88 1.46590 0.23410 -9.6 0.880 1.13764 0.00411 -11.

0.170 1.54703 t.45652 0.7 0.290 1.46c42 0.73250 -9.Y 0.900 1.43748 0.00o64 -12.4
0.172 1.51.1 1.75R01 0.7 0.Z79 1.464q7 0.2?709 -9.7 0.9?0 1..3733 0.00729 -12.5
0.174 1.5199) 1. E.4310 -0.3 0.294 1.4b642 0.22184 -9.8 0.940 1.43714 0.04694 -12.
0.176 1.53(73 1.54136 -0.1 0.296 1.1.6404 3.2167?6 -9.4 0.960 1.1.3705 0.00CE? -17?. 5
0.178 1.53164 1.50630 -1.7 0.298 1.46365 0.2184 -4.9 0.980 1.13192 0.00633 -12.5

0.180 1.51070 1.43361 -1.6 0.300 1.46323 O.ZOO? -9.9 1.000 1.43M40 0.00606 -12.5
0.182 1.52791 1.36A? -?.3 0.30S 1.146222 0.195?? -10.0 1.050 1.43f51 0.00549 -12.5
0.184 1.52524 1.302S0 -2.4 0.310 1.46127 0.18530 -10.1 1.100 1.43625 0.03903 -12.5
0.146 I.52769 1.24329 -2.7 0.315 1.46037 0.17559 -10.2 1.150 1.43600 0.004C6 -12.E
0.188 1.57921 1.14781 -3.1 0.370 1.459q1 0.16657 -10.3 1.200 1.13578 0.00436 -12.E

0.190 1 .51 7q4 i.1357q -3.. 0.375 1.154870 0.11A6 -10.4 1.250 1.1.3557 0.00412 -1?.E
0.192 1.51527 1.04o94 -3.7 0.330 1..5793 0.15033 -10.5 1.300 1.13537 0.00392 -17.f
0.194 1.51159 1.04101 -4.0 0.335 1.45?20 0.143C3 -10.6 1.350 1.4351 0.00376 -12.E
0.196 1.5115, o.qq7?? -4.2 0.140 1.4S650 0.13620 -10.6 1.400 .143499 0.00164 -17.6
0.198 1.50q60 0.95705 -04.5 0.345 1.45584 O.t2981 -10.7 1.450 1.13441 0.003 1. -12.E

0.200 1.50772 O.qlf3 -4.7 0.350 1.15520 0.12382 -10.8 1.500 t.4364 0.003.6 -17.t
0.?02 1.51S512 Q.40235 -4.9 0.545 1.6540 0.11470o -10.0 1.550 1.4.30,1 0.003.0 -1 ?. t
0.204 1.4.31.19 0.44P15 -5.2 0.460 1.1.402 0.11293 -10.9 1.600 1.43430 0.03336 -17.6
0.206 1.' 0.11 ls t -5. 0.365 1.1531.7 0.10798 -10.9 t.650 1.13413 0.00333 -12.E
0.208 1.5n00)3 0.7184R -5.6 0.310 1.45294 0.10332 -11.0 1.700 1.4339E 0.00331 -1?.4

0.210 1.4gq3q 0.7?576 -5.6 0.375 1.45213 0.09193 -11.0 1.750 1.433%0 0.00333 -1?-
0.212 1.1.979' 2.f'2414. -S.9 0.l00 1 .15 195 0.091.79 -11.1 1.800 1.1.3363 0.03330 -t2.7
0.714 1.49647 0.70191 -6.1 0.385 1.151919 0.09088 -11.1 1.450 1.13317 0.30331 -12.7
0.2t6 1.9509 0.67699 -6.3 .3qo 1.65104 3.04719 -t.2 1.900 1.43!30 0.0033Z -1- 7
0.218 1.4q?6 0.65329 -6.5 0.395 1.45061 0.04371 -11.? 1.950 1.43314 0.0331. -12.7

0.220 1.4q? 4 0.61074 -6.6 0.1400 1.45020 0.08041 -11.3 2.000 1.1437 0.00337 -12.7
0.222 1.1.9t74 0.60926 -6.0 0.1.10 1.44194T! 0.074.?3 -11.3 Z-256 1.1.3280 0.0034.0 -1?.7
0.224 1.41004 0.58A79 -6.9 0.420 1.i4ql 0.06896 -11.1 4 Z.Gu 1.43263 0.003343 -12.7
0.226 1..4009 0.56q77 -7.3 0.130 1.44805 0.06393 -11.5 2.150 1.-145 a.01117 -12-7
0.228 1.1077? 0.55065 -F.? 0.440 1.44?43 0.05948 -11.5 2.200 1.4.27 0.00331 -12.7

0.2.40 1.48066M 0.5328, -7.3 0.1.50 1.1.1.66 0.0551.3 -11.6 2.2S0 1.43Z10 0 ' 01' ' -12. 7
0.232 1.14563 0.14? -7. 0.460 1.443Z 0.05176 -11.6 2.300 1.4.31W 0.003f0 -12.7
0.234 1.146,? 0.49962 -?.5 0.170 1 .41.5W 0.04842 -11.7 2.3S0 1.43174 0.003(1 -17.?
0.236 1..43 3f 0.14408 -7.7 0 .40 1..4535 0.0.536 -11.7 2.400 1.43156 0.03349 -12.I
0.238 1.14hl 0.16q7o -7.4 0..90 1.4449? 0.04S? -11.8 2.1450 1.43137 0.00375 -12.7

0.240 1.44176 0.151.9 -?.9 0.500 1.4 4. 4 0 0.04.000 -11.8 2SO0 1.43119 0.00390 -tZ.?
0.242 t.14O46 0.41130 -4.6 0.510 1.444.11 0.03?65 -11.9 2.550 1.430q9 0.0J35 -12.7
0.24 1 .40791 0.42M20 -8.1 O.S20 1. 437' U.0549 -11.9 2.600 1.10480 0.0391 -12 .7
0.216 1..7915 0.41561. -q.? 0.530 1.44340 0.03349 -11.9 2.650 1.43060 . 003q7 -12.I
0.14 1.1?4. 0.403f0 -q.3 0.540 1.44308 0.0t31$ -11.9 2.700 1.43040 0.01402 -12.7

0.250 1.1?75 0.39703 -41. 0.550 1.41.277 0.029q9 -12 0 2.750 1.13020 0.00401 -17.7
0.2S2 1.14.7676 0.3409q1 -4. 0.560 1.41.244 0.7?83? -1?.0 2.600 1.43000 0.0041 -i2.?
0.25f. 1. 1.60n 0.37021 -4.5 0.570 1.4420 0.02691 -12.0 2.650 1.4?qF9 0. 30121 -12 .
0.294 1.41 ?.12 0.354Q

5  
-R.f 0.5A0 1.441q4 0.02555 -12.1 2.900 1.1.2154 0.004.?r -t:.?

0.25 j1.74Sr 0.35037 -4.? 4.510 t .44tq 0.02429 -12.1 2.950 1.42936 0.00433 -12.?

0.26O 1.1. 4 0.34456 -4.q 0.600 1.4141 0.02311 -17.1 3.000 1.14791 0.00 439 -1?.?
0.262 1,471. 0.3410 .4.4 0.628 1..4410 0.02099 -12.1 3.0S0 1.4?qq? 0.0044. -1Z.7
0.264 1. 41?. 0.i2?q -4.) 0.1.40 t.4061 0.111.t -12.2 3.100 t.1.74?0 0.00.'. t?.?
0.766 t.A.mt1 0.31404 -1.0 0.5t0 1.410p 0.01757 -12.2 j.150 1.4?08% 0 . 014Sq -1.?
0.764g 1.1.7130 0. 00590 -. 1~ 0.640 1.4.3q91 0.01609 -12.? 3.200 1..4.?4 0. 014.15 -1?. 7
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VABLE 18. RE CONFNDFO VALUES ON THE PFFRACTIVE INDEX ANO ITS kAVELENGTH ANO

VEIPERATURV OFRIVATIVES FOR STRONTIUN FLUORIDE AT 2930( CONT:NUEO)*

3. -dn/dx dn/cr r -d)L/l dn/trr X -do/dk. dn/(rT
JAM a nr t JrK' LA

M  
to-$ K-I Jan nr u

- I  
t(rl K

-
1

3.250 1.4781 0.0067? -t2.7 5.100 1.41684 0.00741 -12.6 6.700 1.379qi 0.01366 -11.8
3.300 1.1p?7 0.00.79 -12.? 5.200 1..160q 0.00?56 -12.6 a.800 1.3re001 O.O185 -1t.?

3.3S0 1.42?52 0.004a5 -12.? 5.300 1.41533 0.00772 -12.6 6.900 1.37$61 0.01405 -11.1

3.400 1.4?78 0.0049? -1o.? 5.400 1.4145 0.00754 -1?.6 9.000 1.37514 0.01426 -11.6

3.450 1.42703 0.00499 -12.7 5.500 1.1375 0.00803 -12.6 9.100 1.3737S 0.01446 -t.e

3.500 1.1?27 0.00506 -12.7 .600 1 .412q4 0.00819 -12.6 9.200 1.37230 0.014( -11 5
3.550 1.:,0 0.0513 -1t2.? 9.0 1.0121? 0.00a05 -12.6 9.300 1.37082 0.01.467 -11.4

* 3.600 1.42477 0.00520 -12.? 5.800 1.111?7? 0.40851 -12.6 9.400 1.36932 0.01508 -11.6
3.6S0 1.426051 0.0052? -1?.? 5.400 1.41041 0.00A67 -12.- q.S0 1.36161 0.31S29 -11.3
3.700 1.46574 0.00534 -12.? 6.000 1.4094 0.00884 -12.5 9.600 1.3b27 0.01550 -11.3

3.?50 t.142547 0.00541 -12.? 6.100 1.408f5 9.00900 -12.5 9.700 1.36471 O.O1571 -11.?
3.800 1.42520 0.00544 -12.7 6.200 t.40774 0.00916 -12.S 9.800 1.36312 0.01593 -11.1
3.850 1.142.q? 4.0 -12.7 6.300 1.40681 0.00933 -12.5 9.900 1.36152 0.01615 -11.0
3.900 1.42465 0.00862 -12.? 6.400 1.405817 0.Oq5O -12.5 10.000 1.3599 0.01631 -11.0
3.950 1.42436 0.00569 -12.7 6.500 1.40491 0.00966 -12.5 10.200 1.35658 0.01681 -10.8

4.000 1.4241q 0.00576 -12.? 6.600 1.403%1 0.00983 -12.4 10.400 1.35317 0.01727 -10.6
4.050 1.1.2379a 0.O0r -1.? 6.?00 1.40 2q- 0.01000 -12.4 10.600 1.34967 O.017?3 -10.4
4.100 1.4239 0.0OSq1 -1?.? 6.100 1.401q4 0.010I -12.4 10.800 1.34607 0.01481 -10.2

* 4.150 1.4237n 0.0059q -12.7 6.q90 1.400q1 0.01034 -12.4 11.000 1.14238 0.01849 -10.0
4.200 1.422%9 0.0060% -12.7 7.000 1.39q47 0.01062 -12.4 11.Z00 1.33860 0.01919 -4.8

4.250 1.4275q 0.00613 -12.7 7.100 1.?9801 0.01069 -17.3 11.400 1.33471 0.01969 -9.6
4.3100 1 .477? 0.00620 -12.7 7.200 1 .3q77' 0.01087 -12.3 11.600 1.q3072 0.02521 -q.3
4.350 1.42197 0. 3e62R -12.7 ?.300 1.39663 5.01104 -12.3 11.800 1.5?f63 0.1?204 -q.o

4.400 1.42165 0.30635 -12.7 7.400 1.2952 0.01122 -12.3 12.000 1.3243 0.0212q -4.7
4.4S0 1.42133 0.00664? -12.7 7.500 1.29439 0.01140 -12.2 12.200 1.31811 0.02183 -8.

4.500 .142101 0.006S0 -t2.7 7.600 1.93?24 0.01158 -12.2 12.400 1.31369 0.02240 -9.1
4.550 1.420159 0.00657 -12.7 7.700 1.?9207 0.01176 -12.2 12.600 1.30916 3.02291 -7.?
4.600 1.42035 0.0 1.E5 -12.7 7.800 1.39089 0.011q5 -12.1 12.800 1.3046s0 0.02157 -71.
4.650 1.6200? 0.00h72 -12.7 7.900 1.38969 0.01213 -12.1 13.000 1.21972 0.02419 -6.9
4.700 1.41968 0.00M80 -12.6 8.000 1.38841. 0.01232 -12.1 13.200 1.29493 0. 02411 -6.s

4.Ts0 1.4.1q34 0.006 P -I.6 8.100 1.38722 0.0t250 -12.0 13.400 1.26980 0.02546 -b.1
4.800 1.4100 0.00695 -12.6 8.200 1.38596 0.01269 -12.0 13.600 1.2144 0.02612 -6.6
4.850 1.411865 0.00703 -12.6 4.300 1.30468 0.01288 -11.q 13.800 1.27r35 0.02680 -5.1
4.900 1.4182 0.00710 -12.6 8.400 1.38339 0.01307 -11.9 14.000 1.27!92 0.02750 -4.5
4.950 1.4121 0.00718 -12.6 8.500 1.34207 0.01327 -11.9

IN THIS TA9LF 4ORE DECI AL PLACES ARE REPORTEO THAN WARRANTEO 4ERELY FCR THE PURPO!E OF TAaULAR
SHOOTHNFSS ANO tTER4AL COIPARISON. FOR UNCERTAINTIES OF TABULATED VALUES It. VARICUS WAVELENGTH

* RANGFS, SEE THE TlT'WOF SIJBSECTION 3.2.

.4
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3.3 Barium Fluoride, RaF2

Rarium fluoride iS transparent in a wide spectral ranoe fro-

0.14 up to IS micrometers. The transmittance of a RaF2 plate 2.3

mm thick increases rapidly from a sharp cutoff at 0.1345

micrometer to 85 percent at 0.4 micrometer and continues at that

level to about 10 micrometers, after which it falls off rapidly.

The observed transmittance at longer wavelength varys with tha

thickness of the sample. For a olate 10 mm thick, the

transmittance is 50 percent at 11.7 micrometers and 10 percent at

13.5 micrometers while 60 percent transmittance at 15 micrometers

can be obtained for a 3.5 mm plate. Because of its uniform

transparency in the spectral region 0.4 to 10 micrometers, barium

fluoride is used for window and lens fabrication. As the laser

technology advances, the need for ootical material with high

optical figure of merit and adequate mechanical oroperties is

increasing. Barium fluoride, having the required idvantages, is

auonq the serious candidates for window materials for the

spectral region between 2 to 6 micrometers.

Unlike calcium fluoride, which occurs naturally in large

sizes and of optical quality, barium fluoride crystal for ootical

applications is synthesized. As a result, early investigations

of optical properties did not Include barium fluoride. The

earliest measurements of the refractive index were probably %ade

by Wulff 1661 in 1928 and by Wulff and Heigl 1621 in 1931P using

the Immersion method for the mean of the sodium D lines. The

MONA

4'
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sample they used was in small fragments oroduced by chemical

reaction.

Synthetic barium fluoride crystals of ootical auality were

successfully grown by Stockbarger during World War II. In the

1950's synthetic BaF2 crystals became available commercially and

found acceptance because of their favorable ohysical

characteristics and broad tr ansoarent r ange. 9aF2 transmits

further into the infrared than does either CaF2 or LIF. However,

until 1q63, the refractive index data of BaF 2 were reported only

by Houston et al. [471 for the spectral range 0.54 to 1.85

micrometers. Data on the refractive index over a wide soectral

ran n were reported by Malitson [671 in 1964P for the region from

0.Zh up to 10.4 micro-eters, and have served as the reference

data since then. As a matter of fact, Mal itson's data is the

only available set that covers the while transnarent region and

is reliable enough to bathe basis of data analysis.

Kaiser et al. II?) investigated the reflection spectrum of

BaF in the reststrahlen region from 10 to 50 micromet.c

Pefractive and absorption indices were deduced from th., inilvsis

of the reflection spectrum hy Lorentz oscillator theory. The

strong resonance at 54.3 micrometers was identified as the

optically active TO resonance. A second resonance about one

order of magnitude weaker than the main resonance is at 36

micrometers. The origin of the weaker absorotion wis unkown. and

Kaiser oroposed the Possibility of a two-phonon combination tianl



Involving the TO mode. 4oweverp thh- weatk absorotion doe,; not

aosar In LowndesO work (151P In which the reflection spectrum

was reduced by Kramers-Kroniq analysis. Instead of the weak

resonance at 36 micrometerst Lowndes obtained a weak ab sor at Ion

at 29.07 micrometerso which was identified as th% longitudinal

ootlca-l resonance. 10 nods. Since Lowndes may have used a uq

sample than that used by Kaiserp it is likely that the onak

absorption at 36 micrometers Is due to impurities in Kaiser's
samplea.

In the vacuum ultraviolet re IlIons Fahre et al. 1491

investigated the spectral region from 0.1 to 01.16? micrometer by

Kramers-Kronig analysi s of the reflection saectruvm. and found a

strong absorption peak at 0.1?2 micrometer, the lower limit of

the transoarency of BaF 2 * Nisar at al. 125) studied the

reflection spectrum in the energy range 8-35 9V and disclosed the

ccmplication of absorption beyond the tower transparent Iilt.

Similar observations were carried out by 1janin et al. (531 and

Rubloff 124).

From the brief review of available data. it is clear that

Malitsons data Is the only choice for the bisis of data

analysis. The Problem is to find ao~ropriate inout Parameters

for the -dispersion equation. M4litson determined refractive

indices for 46 spectral lines, and the values were mathematically

fitted to a Sellmeler dispersion equation as given in table 35P

where dispersion equations proposed by others are also listed for



112

c ompa ri sons.

The high frequency dielectric constant indicated by

M3litsonfs dispersion equatlor Is 2.15, in good agreement with

those from other sources. However, the static dielectric

constant calculated fro% his dispersion equation is 5.q7b, wlich

is substantially lower than the exoerimental value, 7.36. This

large difference can be ascribed to the low value of the infrared

resonant wavelength used in his ejuation. The resonant

wavelength resulting from his best fit is 46 .3Q micrometers,

while the accepted value derived from the infrired reflection

spectrum by Lowndes 1151 is 53.33 micrometers. In the

transparent region& the contribution to tie refractive Index from

the Infrared term is negative. gor a given set of refractive

index data, the coefficient, which in turn is connected to the

static dielectric constant, depends on the resonant wavelength in

the term' the longer the wavelength, the higher the coefficient.

It Is therefore possible to obtain a prooer combinatior of twese

two narameters to yield a good fit to the exoerimental datat but

with each parameter in the term having aoo,-onriate physicel

meaning. To this end, proper selection of input nar3f:sters is

essential.

as In the ca;e of CaF 2 , the Sellmeler formula for 3aF 2

consists of a constant# a term giving the UV contributicn and two

terms giving the infrared contribution. The values of the

constant, the coefficisnt of the UV term and the corresoonding

Wi
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effective wavelength of the UJV absorption band can be determined

by data fitting. However, the coefficient and absorotion bind

wavelength for each of the infrared terms cannot be determined in

such a way; one must know one or the other of the parameters

because the dispersion of available data values at long

wavelengths Is not high enough for a unique determination of both

parameters. It is fortunate that the wavelengths of the

absorotion bands are available and well determined. From table

b, the average room-temDerature wavelengths of TO and Lfl optical

phonons are respectively 53.5Z and 2Q.67 micrometers. The result

of a least squares calculation Is the disoersion equation for

BaF at 293 K in the transparent region, 0.15-15 i.icrometers,
2

n 2 = 1.33973+ 0. 81070 >,
2  0. 19652 \

2  4. 52469 X2 (21)Xz 0. 100652 + Xz-_29.87+ Xz - 53.822 (

where A is in micrometers.

This dispersion equation closely fits Malitson's data with a

root mean square residual of 2.f) x 10- s in the soectral region

from 0.26 to 10.35 micrometers. Although the use of this

equation can be confidently extended into the infrared un to 15

micrometer, its use in the UV region beyond 0.26 micrometers is

not recommended, because the value of Xu is determined by fitting

of the available data at wavelengths longer than 0.26 micrometer;

in the range from 0.15 to 0.26 micrometer, larger uncertainties

must be expected. The upper limit of the uncertainties can be

estimated by differentiating eq (21) with resoect to X:

I ll .... .. . .. . .....
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An 0.O81070 X2 uA)

where 0,122-A

The optical dielectric constant indicated by eq 121) is

2.15042, which agrees with that front other work. The static

dielectric constant implied by this equation is 6.07Z. about 0.5

less than Andeenf.s value (see table 5). There are mary caises

for the discrepancy. Two of the essential ones are that (il we

have ignored small contributions from many absorption bands In

the infrared reqion beyond the predominant phonons; (if) we have

neglected the damping factors in the dispersion euation.

Neglecting the damping factors tends to reduce the value of the

static dielectric constant.

With regard to the temperature derivative of the refractive

irdex of barium fluoride# little work has been done. Although

Malitson 1671 also measured refractive indices for 46 wavelengths

f rom 0.26 to 10.35 micrometers at room temperatures in the

neiqhborhood of 2M8 K and 303 K, the re~ults could not be uses to

evaluate dnldT because of excessive fluctuations; only tentative

averaged values of dntdT were given. He found the' dntdT is

negative over the entire measured wavelength range. Thpr4 is

evidence that the value of dn/dT fin units of 10-6K -1 ) ranqes

from an average of about -11 in the near ultraviolet to -15 In

the visible and to a low of about -17 In the near infrared; then

it increases to an average of -q at the long wavelength liit.

Howeverp more accurate values were given for visible regions from

" ... .. . . . . . .. . .. . .. . " -- .' .4. il "'l t'l -; t . . - - ' " . . .4-. . .. .



115

0.4 to 0.77 micrometer, based on the observations carried out in

1944 and reported in Malitson's 1963 work. Other dn/dT

measurements were resently made by Lipion at aI. 159q, Harris et

% I. 1601 and Tsay et al. 1921. They used the interference method

to obtain dnldT directly by observing the shift of interference

fringes with temperature. This method is believed to yield

accurate dnldT valuest but measurements were made only at five

wavelenghts, 0.325, 0.4416v 0.63?8, 1.15 and 3.3q micrometers.

Cata on dn/dT remains scarce. With the limited data, the

generation of probable values for the entire transoarent region

depends heavily on the selection of inout oarametqrs and

ai1orooriate determination of the coefficients. As in the case of

CaF 2 • we use Malitson's dn/dT values in the 0.4 to 3.77

micrometer region to determine the coefficients of the constant

and ultraviolet terms# assuming that the contribution from

infrared terms is negligible. This assumption is a good

approximation because the contribution of the infrared ter. to

the visible region is at most less than 0.1 ( in units of 10-s

K-1 ) while the value of dnldT is about -15. Then by holding the

constant and ultraviolet terms fixed, one can evaluate the

coefficients of the Infrared terms using dn/dT values of Lipson,

Harris, and Tsay. The following equation was found to represent

dnldT of 8a F2 for the transparent region, at 2Q3 K:

dn 2  + 31.0 X4 + 225.0 X2  1660.8 X4

dT (X' - O.1036L)7 T7 - 53.82' (+ z - 53
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%here dnldT and A are In units of 10-' K-1 And micrometers

respectively.

rho variation of dnldT with temoerature has been ohserved by

Houston .t al. 1471. Selezneva 16Uv Lipson et al. (591 and 'rsey

et al. 192). The measurement Inforniati~n and results of their

wcrlk are given In tables 33 and 34. and are plotted in figure 18s,

where we see that such observations are limited at five visible

wavelengths. The magnitude of dn/dT is found to Increase

slightly with temperature. The oassibli origin of this increase

was discussed by Liosono and Tsay, who concluded that the

temperature dependence of dn/dT arises mainly from that of thp

ttermal expansion coefficientsa. Howeverv the relation betoseen

the dnldT variation with temperature and the thermal exoansion

coefficient has not yet been established for general applications

because It varies very much with waveleigth. for the time beai ng

tt~e acoplcatlon of ei (4) to evaluate dnldT only at temoeratures

not far from 293K Is recommended.

Eauations (21) and (23) were used to gen',-7te the reference

data given In the table of recommended values. The v,..lues o9 dnld%

wqre simply evaluated by the first derivative of eq (21..

Although the values of n are given V)~ ths fifth decimal place and

dnldT to the firsto this does not refleact thei1r accuracy and

reliability. They are so givmn simply for smoot.'ness of

tabulition. For the proper use of the tabulated values the

reader should follow the criteria given below.
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For refractive 
index:

Wavelength rango Estimated

micrometer uncertainty,-

0.15-0.20 0.001

0.20-0.30 0.0005

0.30-0.40 0.0003

0.40-10.0 0.0001

10.0-12.0 0.0003

12.0-15.0 0.001

For dnldT:

0.15-0.20 3.0

0.20-0.30 2.0

0.30-1.0 1.0

1.0-6.0 0.5

6.0-10.0 1.0

10.0-15.0 1.5

a o . . . . . .



118I[i_ _ _ _ _

TABLE 26. REO144ENDE0 VALUVS ON THE QEFRACTIVE ONOEX ANO ITS WAVELENGTH ANO

TEMPERATUOC OEqtVATtVES FOR BARIUM FLUORIOE AT Z93K*

-dn/dXL dn/dTr X -da/d. on/dT x.-ad dn/dT
Urn~~y I~u' lr ' p m 10~' nr m 10'K-1

0.150 1.67760 ',.79q,%0 -0 .0 0.270 1.51034 0. 37295 -13.8 1.700 1.',71q6 0.017l8R1 -15.3

0.152 1.6680l. 4.*'SA.8 -1.8 0.27? 1. 50'F, 0.36325 -t3.8 3.720 1.47162 0.01643S -Ii.l

0.04' 1*.65171 4 .1287 3 -2.7 0.27 4 1.50119 0.1330 -11.9 0.740 1.47130 0.01"20-1.

0.156 I1fSt 12 3 .44370 -3.-, 0.216 1.50419 0.34488 -13.9 1). 760 1.47101 0.014.l0 -19.4

0.156 1.64440 3.58647 -4~.3 8.?lR 1.S0751 0.33617 -13.9 0.160 1,47074t 0.01 tI1 -15.14

0.160 1.6574.6 3.31,1S3 -4.0) 0.280 1.506015 0.32776 -14.0 0.800 1.4704q 0.01273 -12S.4

0.162 t.63q4? 3.14104 -5.5 0.282 1.S0420 0.31966 -14.0 0.820 1.47025 0.01144. -1,.'.

0.16', 1.b244A 2.q'qi7 -6.1 0.28'. 1.S057 0.31180 -14.0 0.840 1.47003 0.01072 -16..

0.166 1.61914 2-71 11r -6.6 0.296 1.50405 0.30422 -14s.0 0.8e0 1.146S82 0.01007 -1 i.4

0.16R 1.61078 Z.bII Vi -7.1 0.284 1.5043S 0.29690 -14.1 0.880 1.46q(. 0. OOq'. -16.',

0.170 1.f60081 2.4A368 -7.S 0.290 1.'.o376 0.28q81  -14.1 0.900 1.46944' 0.0595 -IS.',

0.172 1.E0192 2.32740 -r*q 0.q 1.5030o 0.28296 -14.1 0.920 1.4692? 0.00947 -16,.4

0.17?4 1 .69')3q 2.?2017' -1.2 0.29'. 1.S026A 0.?1 632 -14.1 0.940 1.46;10 0.00803 -1-1-4

0.176 I.SqstaZ38~ -8.6 0. Z116 1.50209 0.?6990 -14.? 0.960 1.46894 0.03763 -15.'.

0.11's 1.50104 1.9l80? -8.4 0.298 1.5015S 0.26369 -14.2 0.980 1.46e80 0.307?6 -15.4

0.180 l.618 ?lq I. 87',24F -9.2 0. 300 1.50101 0.2S767 -14.2 1.000 1.46865 0. 0069? -15.4

0l18? 1.S8342 1 .78591s -9.4, 0.305 i.49978 0.24342 -14.3 1.050 1.46813 0.03670 -15.4

0.114 1-6;1034 1 .64ql' -4.1, 0.310 1.490%60 0.23OZ4 -14.3 1,100 1.4680' 0.03if1 -16.'.4

0.186 1.S67? 1.6l87
0  

-4.9 0.315 1.49748 0.21R11 -14.4 1.150 1.46776 0.3613 -16.4

0.10M 1.5r3;6 1.54366 -t~ot. 0.320 1.49642I 0.Z0667 -14.4 1.200 1.4675Z 0.00474 -1S5

0.190 1.57054 1.41341 -10.4 0.325 1.49541 0.1'16t? -14.4 1.250 1.4672q 0. 0044-2 -15.6

0.19 .67' 1. 4fl73 -10.5 0.1!0 1.494.45 0. 186Z 9 -14.5 1.300 1.46701' a03416 -is .5

0.194 1 .564'11 l.3'4 -13.7 0. 31; 1 .4936'. 0.t?713 -1.5S 1.350 1.46E8? 0- 00 194 -1 ' -

0.196 1. 16'28 R .2-'. -10.9 o.44o 1 .4q?61 0.16457 -14.6 1.400o 1.46f6 0.00177 -t5.1;

0.198 1 .6507o6 1. 23!f1 -11. 0.345 1.491A6 0.16068 -14.6 1.450 1 .46(46i 0.05112 -14.

0.700 1 * 6634 1.1%23q -11.2 0.360 1.49107 0.15309 -14.6 1.500 1.46(32 0.003t0-1.

0.202 1.S11,31 1.11411 -11.4 0.35'p 1.49033 0.14607 -14.7 1.550 1.46fif4 0.09341.-6.

0.204 1.S6-250 138%8(- -11.6 0.360 I.48961I 0. 13449 -14.f 1.600 1 .461,91 D.09333 -I.

0.206 1 . >';3 7 I.11451 -11 _I.6 0.36 IF 1484443 0.13331 -14.7 1.650 1.61,81 0.3327 -1,.6

0.208 1.r4452 1.0050? -11.8 0.370 1.48878 0.12749 -14.7 1.700 1.468,66 0.00322 -16.6

0.,'1 I 1.64(,f 9.q6469 -11.n 0.375 1.4866 G.12202 -14.8 1.750 1.46649 0.00319 -16 '.;

0.212 1.5447, .,i' -32.0 0.380 1.4170f6 1.116A7 -14.8 1.800 1.46t3q O.0316 -4'

0.214 1.64?13 g. 896.73 -t2.1 0.38S 1.48648 0.11200 -14.8 1.650 1.46 117 0.00305 1.

0.216 .6-4 117? 0 .86130' -12.2 0.390O 1 .485q4 0..1741 -14.8 1.900 1.46621 0.00 31" -1I6. I

0.218 1.514~7 0.83197 -1U.3 0.395 1.48541 0.103CR -14.8 1.950 1.46466 0.00114 -16.61

0.220 1.537'4 0.40?47 -1'.'. 0.400 1.48491 0.098198 -14.9 Z.C'fl 1.46410 0.01315 -15

0.?22 11660-71 .4Z -1?.4 0.410 1.48395 O.0914? -14.9 2.050 1.4,64S4 0.00316 -1-."

0.22-4 l.,474?' 0 .747 73 -I'?. f, 0.420 1.48397 0.18463 -14.9 2.170 0.i.'-'.3 0. 01317 -15.--

0.2'6 1.Si1'? 0.77731 -12.4 0.430 1.48226 0.07862 -15.0 2.150 2.4642, 0.00310 -1b,.5

0.??a 1.31184i 0.61401 -12.7 0.440 1.48150 0.07299 -15.0 2.200 1.46406 C-JO322 -155

0. 230 1 .611048R 0.67t.08 -12 .8 0.450 1.4R080 0. 067981 -15.0 2.250 1.4610 0.003?" - i

O.?J2 1.5?9t16 0.61,P94 -12.9 0.4.60 1.48014e 0.06344 -i5.0 2.300 1 .4631 4 0.000328 0.

4.P14 1.76 0 .(31 F0 -12.4 0.470 1 .47963 0.05929 -15.1 2.350 1.4635A 0.00 331 -1;.

0.?36 1.62442 0.611 It -i1.0 0.440 1.4?a55 0.0655 -05.1 2.400 1.44341 0.0GO3 35. 1~

30.23 to1 .475'.2 0 . S921,4 -10.1 0.490 1.47842 0.05206 -16.1 2.450 1 .4b32Z4 0.-003 38I -16.91

0.240 1 .62426 0.1,1419, -13.1 0.900 1.147791 0.04889 -16.1 2.500 1.46307 0.00 342 -16.6

0..? 1.6'31? 0.55644 -11 J.610 1.47744 0.04599 -16.1 2.550 1.44290 0.0034m -15.6

0.?.4t.'1 1.43968 -13.' O.620 1.476')q '0.14131 -15.? 2.600 1.4627? 0.00151 -114.6

0. z44,I 1. '13 ;1' -13.3 0.530 1 j. 7 6!i 0 . 040 A5 -15.7 2.650 1.46?65 0-oI1 00A .-I;-

0.. .4"3f.50,01 -13.3 0.540 1.47627 0.0365? -15.2 2.700 1.46237 0.001(0 -15.6

0.0 .11 .4qli32 -13.4 0.590 1.4780 0 .0a 3$147 -15.? 2.6 ?S 1I.46219q 0.00 165 -t'..

0.27 1.-"1 0 .411o'1 -1 3.. 0.660 1 .4 ?f,4 0.0145? -15.2 2.800 t.4.6200 0. 00 1(9 ~1S."
0.74. 1.S1? 1 . h,' 1 5.' 0.570 t.t.7501 3. 0.0 - 15.2 ".450 1.46182 0. 0011 4 -1"

0. t 1 .'~' ., 2a% -I 3.6 0. 5840 1.474?9 3.0 1104 -15.2 2.908 1. 4h1f,3 0.403174 I'.

I . ", I., 1.41 'a -1 5.6i 0.590 1.47449 0 .02?949 -IS.? ?.940 1.4h14.4 0.0on3Soo -14.6

3..740 1 .1 1'.. 4 3.'' 1,11 . -t 3 1 0.400 1 .4 1420 0. 02MOS -16.3 3.000 1 .44h12? 0-.00-350 -- 4". '

0.?71? 1.,, 11. 1 n.41 -- 1. -13.6, 940 l..I 36A 0.0751.? -1S.31 1.050 1 .4610; a. 0 D39" -2'.

0.?64 t.' 'o? 0 4, '' tj.7 0.440 1 . 47?11I Q.07j3031 -15.31 3.100 1. 4'00 M" .0II031-l0 5

0*',66 l.11 3. 1""'6 -t3. 1 0.1 1 47?74 3:07113 -15.3 t.15 1.t6, 5 0 . 0044 U h

174 1.1 0 ,,A, 300 13.8: 1 04$10 1.47233 a.0.9FI-16.3 3.?00 .~' .'41 j.
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TASLE 26. RECOgNO(O0 VALUF% n% 01W PErAACIVE INDEX AND0 ItS WAVELENGTH 4ujo

TE'IPEIATuRf DERIVATIVES FOR BARIUM FLUORIDE AT fq3K 1r.OwT0NUEO8*

d/d. dn/dT n. *n/d,\ do/dr -W dnA dn/dT
Mm 0-6 ' K'-1 r Lim" 10'' K- r nr' 1uro K-1

3.250 1.1.60?'. 0.0017 -15.5 5.700 1.1.1.981 0.00659 -15.'. 6.900 1.1siq 0.012'. -14.s
3.300 1.4.6031 0. 004.Z? -15.5 S.300 I .1.'.91 0. 002 -tS.'. q.500 1.1.1t4'01 0.0122Z -14.?
3.350 1.4594a? 0.0042M -15.5 5.400 1.'.48'.7 3.00b686 -15.1. 1.100 1.1t.12' 0.01231 1'.
3.4.00 t.4.5960 0.00434. -15.5 5.500 1.441778 O.ohqqs -15.1. q.2040 1.41±200 0.01256i -lit. F
3.4b50 1.4.5918 0.004410 -15.5 5.600 1.4.1.7 0.00713 -15.3 4.300 1.1.1071 0.01273 -14.?

3.500 1.1.5911 0.00141.5 -15.5 S.700 1.41.65 0.00726 -15.1 9.4.00 1.4eq945 0.012 90 -f4.6s
3.550 1:4S444' 0O1, :i5.5 11.00 1.1.1.62 0:0074.0 -1':3 5.0 1So 1.40:1S 0.1307 -14..
3.600 1.1.54?t1 0017 -15.5 5.900 1.144.1" a 0.0075' -is. I .600o 1.1.0 8 a 0.0325 -14.5
3.650 1.4.51.R 0.004*3 -15.5 6.000 1.41.1 0.n071.7 -15.1 5.700 1.41550 0.01t31.2 -14.5
3.700 1.1.5425 0.006(9 -15.5 6.100 1.441334. 0.00761 -15.3 9.890 1.4.0415 0.01300 '-14.5

3.750 1.4.5401 G.00615 -15.5 6.200 1.44'.25 O.00755 -15S.3 9.900 1.1.02781 0. 0131PR -1%.41
3.0 115??? 0.00481 '-15.S 6.300 1.1.1104 0.00809 -15.3 10.000 1.1.0140 0.01396 -14.41

3.850 1 .4575 1 0.00487 -15.1. 6.4.00 1 .44'043 l. 00821. -15.3 10.200 1.3q857 0.01432 -14..3

3.00 1. 4572% 0 .00509 -15.'. 6.700 1.1.3039 0.00866 -1s.? 10.400 1.3096b. 0.0.1(9 -14.2
3.950 1.1.5721. 0.03499 -15.4. b.600 1.1.3525 0.0065? -15.2 10.600 1.39269 0.0150? '-14.1

6.050 1.4.54S3 0.00511 -15.1. b.600 1.1.3752 0.00961 -1.2 1.000 1.38(51 0.0151. -10.9
6.100 1.4.56211 0.10518 -15.1. 6.400 1.1.36E3 0.00%95 -15.2 11.200 1.34330 0.0162. -13.8
6150 1.1.560 0.0052. -15.. 7.000 1.4.3573 0.00910O -15.2 11.1.00 1.38007 O.Olf.01 -13.7
1..200 1.65575 0 .001;30 -15.1. Y.100 1.1.3481 0.0525 -15.2 11.600 1.37865 B.01705 -13.6

#&.?5O 1.4.554.5 0.00536 -15.1. ?.?DO 1.1.3358 0.00939 -15.1 11.800 1.37319 0.0174. -13.1.
6p.300 1.4.5521 0 .3051.1 -15.1. 7.300 1.4.3293 0.00951. -15.1 12.000 1.36966 0. 01?IQ -11.3
#&.350 1.4.54.51 0.0051.q -15.1. 7.4.00 1.1.3197 q.0091.51 -15.1 i2.200 1.316803 0.01t831. -13.2
6.4.00 1.4.541P 0.00555 -15.1. ?.S00 1.1.3099 0.00981 -15.1 12.16.00 1.36232 0. 0019 -13.0
6a.650 1.1.51.39 0.00561, -15.1. 7.600 1.1.3000 0.00999 -15.1 12.600 1.35552 Q.01921. -12.8

6.500 1.41.50 0. 005EO5 -is5. 7.700 1.4.2990 0 .01015i -1;. 1 12.800 1. 35 lob2 0.01971 -12.7
4.550 1 .145 14? 6.6C574. -15.4 ?.))0o 2142797 0.01030 -15.2 13.000 1. 3s 1%3 0. 02019 -1?.5
4.600 1.1.5153 0.005e1 -15.4. 7.900 1.1.2E44 0.010. -15.0 13.200 1.31.f55 0.02067 -t2.3
4.650 1.4.5321. 0.0059? -15.. 8.000 1.1.25q8 0.01061 -15.0 13.1.00 1.34.736 0.02117 -1,2.1
6.700 1.4.5294 0.00593 -15.4 6.100 1.4z61 0.0107? -15.0 13.600 1.33808 0.02168 -11.5

,#.?s0 1.4.5264 0.00601 -15.. 8.200 1.42373 0.0109a -15.0 13OO0 1.331. 0.0220 -11.b
4.800 1. 45;'34 9.0060b -15..6 0.300 1.1.2Z63 0.110O -14.9q 14.000 1.32920 0.0227 -11.1.
to.650 1.1.5201 0.00613 -15.1. 8.1.50 1.1.2151 0.0112. -11..9 14.200 1.32459 0.02329 -11.1
4.900 1.1.5173 0.00619 -15.1. R.500 1.4.2038 0.01.40 -t4..9 14.4.00 I.31SSS 0.0?385 -10.9

5.000 1.4.5110 0.006i33 -15.1. 8.700 1.0116? 0.017T3 -14.8 1680 1.31011 0.02502 -10.3
S.104 1.4.504b6 0.0061.6 -15.. 8.800 1.1019 0.01189 -14.8 15.000 1.30501. 0.02563 -10.0

IN TolIS TASL' '40F DECIMAL PLACFS ARE PP*ORTF0 THAtl "460R614150 1451810 FCR THE PURPOSE 08' T'AMAR
SISOOTH1ESS AND Il4TE18W6 CfIVARISON. FOR UNCERVATNtIVS OF' TABULATED VALUES IN VARIOUS WAVELENGTH
RANGES, SEE THE TENT OF S03SECTION 3.3.
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3.4 Magnesium Fluoride, MgF2

Magnesium fluoride is an anisotrooic ionic crystal haviig a

rutile structure. It has a large forbidden gap and hence it is

transoarent in the UV and Is used as an optical material in this

spectral region. It Is of particular interest in vacuum JV

spectroscopy because of its use as a reflective coatinq for

mirrors and gratings. It has been found that a M9F2 layer of

suitable thickness, evaporated onto aluminum, retards oxidation

of the aluminum and greatly increases the reflectance in the

vacuum UV. The apolication of MgF 2  to an aluminum-surfaced

reolica grating results in a much Improved efficiency down to

0.11 micrometer.

The crystal can be grown in vacuum using the Stockbarger

technioue. Large specimens with weiqht over 2 kg and diameter of

about 10 cm are available. MgF2 is a uniaxial positive crystal

and is transoarent from 0.11 to 7.5 micrometers. When used as a

reflector, it is highly oolarizing for wavelengths less than

0. 124 microveter.

Although this material Is transoarent in the infrared uo to

7.5 micrometers# measurements of refractive index were carried

oLt only for the ultraviolet and visible regions. This fact can

be realized from tables 37 and 38P In which we have compiled 38

dat4 sets, Including a few sets of thin film data for comoarison.

It is clear from the table that the majority of the measurements

are either for vacuum ultraviolet beyond the transiarent region
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or for thin films. For the transparent region, Steinmeltz et al.

(771 reported refractive Indices of ordinary and extraordinary

rays for four spectral lines from 0.178 to 0.28Q4 micrometer.

)uncanson et al. 1181 measured the refractive indices for the two

rays at 16 wavelengths in the visible spectrum (0.4-0.7

micrometer). In our compilatior, 0.7 micrometer is the longest

wavelength at which both n. and ne have been measured. No

measurement of no and ne beyond the visible in the Infrared

region has been reported. However, refractive indices for the

infrared region from 1.0 to 9.0 micrometers are available for

IQTRAN 1, a hot pressed polycrystalline magnesium fluoride.

As mentioned above# the available data on the refractive

irdices of single crystals are very scanty. The crystal is

transparent for a quite wide spectral region, about 7.5

micrometers in width, yet measurements have been carried out only

over a ringe O.S, micrometer in width, less than 7 oercent of the

total transparent region. Although Duncanson's values are

accurate and reliable, the spectral ranqe covered is narrow.

Furthermore, the dispersion in the refractive indices is small,

from 1.38359 to 1.37599 for the ordinary ray and from 1.3Q56 6 to

1.38771 for the extraordinary rayi not suitable for a wide range

3rediction. As a resultv the Hartmann interpolation formjlae

(prooosed by Ouncanson at al. 1181 )

nul.36957 + O.O0358Z/ftX-0.19?51 for the ordinary ray

and n=1.38100 + 0.00374151IX-0.14947) for the extriorinary ray,
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are good only for the narrow spectral region from 0.4 to 0.7

#i c rometer.

In the present work* the available data are only a Dart of

the inout information needed for a Sellmeler dispersion equation.

Ir order to get meaningful predictions for the wholq transparent

regionv the key parameters for the dispersion equation are, for

each rayt the dielectric constantp the effective UV resonant

wavelengthr the infrared resonant wavelength and if possible the

strengths of each of the resonant wavelengths. It is fortuiate

indeed that these key 3arameters, Rlthoigh not having been used

for such ouroosesp are available in the literature (Barker 114)

see tables 4P 5 and 6). Introduction of the key parameters into

the Sellmeler equation yields fits to available dati that ire as

close as the fits to the Hartmann formulae. The resulting

equations for single crystal MgF 2  at Zq3K In the transparent

region. 0.14-7.5 micrometers. are:

0.60967 N2 0.0080 XO 2.14973 X21=X.27620 + - 0.08636+' 18.0 + z 5.0 (o-ray), (24)

= 1.25385 + 0.66405 X
2  1.0899 X

2  0.1816 N2 2.1227 X2

A= - 0.085042- + T7 22.2 + T _ 241.4 40.6' (e-ray), (25)

where X is in units of micrometers. It should be noted that

Barker's values have been modified so that the difference of

refractive index between ordinary and extraordinary ray agree

with the observed birefringence exceot in the reqion wiere

anomalies of birefringence occur. qarker's values were so

vodifled that the ratios of the parameers remained unchanged.
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For the available late of KRTRAN I we simply fit the data to a

Selmeler type equation. to obtain

0. 10822 X2  2. 7814 )L2
n2 

=1. 79079 + (2 
-0633+ 2-2.4(IRTRAN 1) (6

This equation Is found to bq as good as the Herzberqer dispersion

equation given in Ref. t201.

Equations 424) to (26) were used to generate the reference

data given In the table of recommended values. Values o f dn/dX

were simply evaluated by takini the first derivitive of t,%ese

equation's. Although the values of n are given to the fifth

decimal Diace, this doss not reflect the degree of accuracy and

the extent of reliability. The values are so given simply for

smoothness of tabulation. For the proper use of the tabulated

values the reader should follow the criteria given below.

For ordinary and extraordinary rays:

Wavelength range Estimated

micrometer uncertaintyp*

0.15-0.20 0.01

0.20-0.30 0.005

0.30-0,70 0.0001

0.70-1.0 0.003

1.0-5.0 0.005

5.0-10.0 0.01

For IRTRAN 1:

0.18-0.3 >0.05
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0.3-1.0 >0o0t

1.0-10.0 0.001
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TAGLE 36. tCCNMENOEO VALUES ON THE REFRACTIVE IN(X ANO ITS %AVEL[KGCI4

EfRIVATVE FOR MAGNESTU8 FLUORIDE AT qK

Ordinary Ray Extraordinary Ray UITILN I ) Ordimry Ray Fmxraordtiury Elly [liTIAN i

On no -dno/d, a -dne/A a -dn/d M n o  -dno/d ne  -dne/dk n -In/a

0.1O0 1.4T?9O 2.0378 1.q411 2.06%4 . 0.270 1.394?, 0.Z0566 1.41094 0.21343 1.40221 .?1402?
6.ts? I.75?ps 1.qt37q I.qoOq 1.441.48  0.272 1.39784 0.?005? 1.4105? 0.204.b 1. 406t4. 3.7? 1,0
6.154 1.471'4 t.8904t 1.4.842 1.. ...14 1.9744 0.19865 1.410tO 0.201#? 1.4010- *
O.156 1.461 .1. .9,c ? 7.1.8 I.274? .....- 0.2?b t.3410h 0.19089 1.4C100 0. 19ASS 1. 400"t C.2'411
O.15R 1.4647 1.600'% 1..7q96 1..3156 0.274 1.39668 0.18629 1.609!1 0*.937q 1.4000f, J.2.845

6.160 .E164. 1.St25 1.47623 .4t. I . . 0.260 1.3631 0.16105 1.10693 0.18q18 .jqq57 0*34396

$.192 1.4-R7 0 t.1. 103 1.4712
7  

1.4 - - - -... ..... 0.2 2 I. 395's 0.1?75 1.408!5 0.18673 t .3qq 3 T.2;C.1

0.164 1.4553 1.3557i 1.47038 1.34,.2 ----- ----- 0.284 1.3q560 0.1733e 1.1.0819 0. IR04 jo.q86, :._'?77

O.t66 1.Vi3? 1.7560 1.4676S 1-31 ....-----. .. 0.286 1.39546 O.t6g5 1.40713 o.1rF7?4 .34411 7. Is1c
0.168 1.4537 1.Z21?4 t.46511 1.25003 ------- . 0.284 1.39693 0.165%5 1.402 A 0.17220 1 .3 Q 0.J0 7.6

1.170 1.44434 1.16107 1 .46747 1.1ql O.?qO 1.39460 0.16t6? 1.40714 0.16A26 1. 97301 1ON #
6.172 1. 446t 1.101401 t.'.35 1.1325 . . .?9 1.3q4? 0.15801 1.40681 0.16644 1. qb'. A . 1..4C

0.174 1.44196 1.05Z6t 1.4i814 t. 7q .. . 0.294 1.39397 0.1S4146 1.hC.618 0.16081 1.Iq6l .1'71q
0.17E 1.44190 1.00172 1.45601 1.0337 0.296 1.39366 0.15102 1.4061? 0.jS125 1.39623 J. 111...
6.171 1.43l04 0.9j709 1.6543 0.98371 .... .... 0.298 1.39336 0.14P676 1.6056 0.15379 1.35897 0.76 88

I.180 1.43837 0.q1515 t..52tO 0.04924 1.#.785 17.50927 0.300 1.3930? 0.14445 I.%0S5 0. t5043 1.39553 2.17037
0.182 1. 4 8 1.876-97 1.1016 O.Sqq 1.57402 I. 31756 0.305 1. 9237 1.13ET7 1.404qz 0.1642 1.3947 1  ,.is 76'.
0.184 1.457 .? 0.8372? 1.41.85 0.861O

7  
1.55443 10.45737 0.310 1.39170 0.1296E 1.4C413 0.1350 1.3395 I.14676

6.156 1.'3?93 0.40t74 1. 4401 0.8244? 1.51564 5.43441 0.315 1.3910? 0.12304 1.40347 0.1282? 1.39324 2.3l3C1
0.188 1.431if 0.7631. 1.44519 0.790-5 1.52033 6.9q666 0.320 1.39047 0.1168? 1.40204 0.12182 1.39259 .l.h.77

0.190 1.4?9845 0.rV66 1.46365 0.?5891 1.5076P S.Atq 0.!25 1.38990 0.11113 1.40ZZ5 0.IIS5 1.3919? 0.118A0
0.192 1.62441 0.7771? 1.46216 0.728( L.49641 4.614.1 9.330 1.38936 0. tO ?7 t.60168 0.11028 1.3%140 .1 ,1 1
6.198 1..?70' 0.67913 1.44173 O.?Oq 1.'8?1 6.25541 1.335 1.38884 0.10075 t.4001S 0.10507 1.390%7 .113q1

6.196 1.4251fi 0.65262 1.43q36 0.67pq9 1.47?q7 3.6qq31 0.340 1.3683S 0.0960S 1.410(3 O.10o1 1.39036 - 097i.7
0.196 1.2441 0.62755 1.43804 0. h 73 1..47285 3.245'0 0.345 1.38788 0.0916 1.40014 0.09562 1.3A919 2.09153

0.200 1.42318 0.60340 1.4347? 0.62310 1.46674 ?.869-1 0.350 1.3871.q 0.08753 1.3998 0.09133 1. 38944 1.2GbS
6.207 1.4?2qC 0.58129 1.435r,4 0.603-4 1..6133 2.,5519 0.3-5 1.38700 0. 536E 1.39923 0.0R?3 1.38q0 .qj,,

0.204. 1.1.208'- 0 .55994 1.434.37 0. 57 174 1 .4666 Z. ?4955 0.360 1.38660 0.0800? 1. 33440 0-G.7875 1.3Y5863 & . 7Z'
0-206 1.61q?6 0.51167 1.45323 0.5574qI 1.'5214 .06303 0.365 1.3 62O 0.07660 1.3983q 0.07904 1.38875 2.373Z
0.208 1.41870 0.520 42 1.43213 0.53776 1.44.8? 1.86833 0.370 1.34543 0.07337 1.39870 0.0 760 1.38q ,.o9?

6.210 1.4176 7 0.50210 1.63to 0. S1qO0 1.44465 1.69974 0.375 1.38567 0.0?033 1.30763 0.07343 1.38756 0. 06571
0.212 1 1. 417 0.484t I .1.43106 O.O1t4 1.4 41 W I.52? 0 3.380 1.38513 0.06761 1.39727 0.70610 1. 3477 C . 064
9.214 1.41717 0.468 1 .04,907 0.1.412 1.43845 1.62U0, 0.305 1.36480 0.06675 1.394 2 1.06763 1. 166q3 C.05493
0.716 1.41481A 0.4522? 1.4741?. 0. 4679 1.6 '570 1.31006 0.313 1.38M 18 0.06219 1.3q650 0 .01C1.6 1.38664 0.0,6 4
0.218 11. I92 0.13?19 1.46?70 0.652.41 1.43318 1.2097O 0.395 1.3841? 0. .05q? 1.39627 0.0624 1.38 63 .Gi319

0.220 1.41106 0.4728 1.47631 0.16 .4 .3q5 1.1?108 0.6O0 1.38388 0.05S748 1.3q9q? 0.06005 1. 1810 33o,7IC

0.222 1.417 1 O.OqO7 1.42545 0.12052 1.4 1169 1.03q5 0.410 1.38433 0.05324 1. .3qS19 0.05 64 I.-I %b1 0.140..
0.224 1.1-114 3 0.19q 0.4;46? 0.4104 1.4.26 0.96R3? 0.620 t.38281 0.06944 1.31445 0. 0516 1.3851tS 0.14331
0.22f 1.4101 0.38140 1.10 3OI 0. 9q714 1.4211 0.9q31 0.430 1.38234 0.04600 1.39435 0.04809 1. 1.46 9. 0ql5
0.228 1.409 9 0.37140 1.42103 0.384q 1.42307 0.8451 0.44.0 1.38189 0.0424f 1.393@9 0.04485 1.38607 0.0361.7

5.230 1.6916 0.3"92 1.42227 0.I77q8 1.42163 0.7q143 0.650 1.381M8 0.04006 1.3 1346 0.061.0 1.3602 0.C337

0.232 1.40 45 0.382q? 1.4?194 0.0616 1.41190 0.7.306 0.460 1.38109 0.0371. I .393C5 0.03922 1.34369 -. G131
.234 1.4q?? 0.33i38 1..20q2 0.3504t 1.11846 0.60812 0.470 1.34073 0.03515 1.3926? 0.03678 1.36319 0.0791?

0.23f 1.40310 0.32521 1.47013 0.34041 1.41710 3.6585' 0.40 1.3603q 0.0301 1.39231 0.03155 1.3831 0.02I6
6.238 1.4OFS 0.31859 1.41916 0.33042 1.41I82 0.6214q .490 1.3800? 0.0310( 1.39198 0.03251 1.58285 0.0253'

6.240 1.40ell 0.30930 1.411 0.32084 1.41461 0.5844 0.500 1.37?9? 0.02920 1.3916 0.03064 1.35260 0.C2378
6.242 0.405?2 0.30037 1.41818 0. 3jjj1 1.41547 0.S5605 0.510 1.3798 0.02762 1.39137 0.02892 1.38237 0. 0??13
6.244 1,40.f2 0.2o180 1.41?V6 0.3C20 1.41739 0.52707 0.520 1.31921 0.02610 1.3qt08 0.0234 1.38?16 0.07!q1
0.24( 1.40&05 0.28356 t.416q? 0.29431 1.41136 0.55075 0.550 1.37896 0.02470 1.3!082 0.02!11 1. 3Lq5 4 .1980
0.268 1.4034q 0.27564 1.4163q 0.2R14 t.41038 0.4M53 0.540 1.37872 0.02314t 1.3105? 0.02454 1.38176 0.01871

0.?50 1.49?Q7 0.26803 1.6158 0-P771 1.40q4 0.45279 O.S50 1.37 14 0.02222 1.39033 0.02330 1.38158 0.01771
0.25? 1.40"2? 0.?607 .4127 0.271 t1.4085? 0.43088 0.5&0 1.372? 0.02112 1-39010 0.02715 1.36141 0.016?9
6.2S% 1.41110 0.253F. 1.4142.4 1.2'41 t.407?3 0.4107? 0.5?0 1.3?0? 0.020tO 1.3%948 0.02105 1. 5081286 01'q
025f 1.4011.0 0.246"8 1.147 0.2z641 1.160693 0.30208 0.580 1.3 . t ql S 1.3198 0.02009 1.3409 O.0tl7
0.256 76039 22 .2403t 1.4117 0.76955 1.10676 0.1740 0.590 7.37768 0.01826 1.389468 O.0t1? 136094 0. 0t46

0.260 1.
%
"
0 4 4 

0.21406 1.4t1V2 0.2?t3 1.40563 0.35424 0.640 1.37751 0.0t44 .38979 O.6t31 1,3808606.01 308
1.26? 1,50

+
8 8.7217 1.1t1?? 0.?.1 h .ar, 1 0.34110 8.62OI .?71 0 O.01q? 1.3894 0.01(F? 1.38os3 6.0 t

.761. .-115 3 0.?P0f 1. 4172? . 1.1. t,10406 0.32q0 0.1.60 t.3?8? 0.0148 1.38812 0.0140 1.16029 COI¢t13
1.256 1.l3q9qn 042f60 1.4t8 9.22.941 1.40342 0.31416 0.660 1.I7558 0.OL$5 1.38811 0.01425 1.3800? ).CIO'.
6.268 .190sq

(  
0.21013 1.41tIF 0.?1921 1.6OO 0.3022? 0.680 1.37632 0.012S? 1.3880S 0.61322 1.3196 O. OtO0?

I
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TAKLE 36. oRCCOsruENOE WALUEt Off 740 QEIQACTIVE 1040EA £P45j ITS b.AVfLE1.GON

OERIVATtVE FOR NAGNESOUW VLUOqtnf AT ?q3K 4COO4TONUtVCI

X Ordinary Ray Extraordinary Ray IRTPLAN I A Ordinary Roy - xtraordinary M~zy _________I

AM" % -f./ % -"e','d' a -d/) jO' Do -n/dk De -dn./cLk a d/I

0.7 00 3.37105 o.Oti?OI 1. 31450 0. 0 1? 3i i.579o.7 O.Ooq? 3.?". t.3Sqol 0. 00 01 b? 1. 3 FO Z a. C4 q4 1. 56t44~ ). .IC -'A
0.*720 1. 3755', 0.01093 1. 05751. 0.0 1i 51 1 .3 7q4. Pt O.OOsA 3.300 1. 355' 7 3. 00 451 1. 3'.75 0.300%5 3. 0C41 0 ." 0 ,
0 .?@. 0 1. 3?55i 0.010', 1.15721. 0.01041 1 .17931 0.00531 3.390 1.31.593 0.0084S 1.35q?7 0.Ca973 t. Ot.31? r.:130I
0.74,0 3. 37S44 0.00"'; 1. 15713 0.00 ' t 1.07 I 0qIa. 00751 1.411 1 .35 3- .009.o. 0oa .31.575 0. c09q1. .1301t 3. r03.1
0.750 0. 107SP f 0.00911 1. 101693 0.0(462 1.07400 0.00150 31.15 3.35502 0.00923 1.31026 0.C103. I. 5ij 0.211j?A

a0. a C 1. I'900 0.00413f 1.3467'. 0. 0012 1 . 1769S 0.0071? 3.500 1.35755 0. 0093? 1. 3(77? 0.010l3 1. 11;8,q 3.01:'.4
0.020 1. 37'.90 0.30520O 1. 1A,c5, 0.1055 1~?I.37A71 0.00655 I.*55Q 1.35704 0.0045? 1. 3(72b 0. G1035 1. 15,11 ..IIt~
o.51i.0 1.3747- 2.oa71 1.1"..09 0. 0 C025 1.075 0.00662 3.633o 1. 3.4.6 0. 00 4 f 3. 667r4 0.01at 0 . V0"I-.? J.101 4?
0.060 1 3?376 0.00144 1. Ilh20 I.00797 l.T7565 3.00640.) 1.; 0 1.35612 0.009-1 1.36,,21 0.01P76 i 1043 , . . ,
0.000 1. 1?5'.5 0.00717 1. 15o05 0.00760 1.37832 0.00;01 3.730 1.35562 0.0059 1.3(1.67 0. C109 1. 55bi? 3.CI 215

0.900 1 . !143t 0.00690 1 .3559 0. a0'?32 1 .37PIZ0 0.00603 3.?Ao 1. 3551? 0.0a10 10 1.36S13 a0.0a1091 1.04571 G C1 ?!b
0.920 1. 374 1. P 0. -16k , 1. A r,75 0. 0070a 1 .3100 0 .0 V; 17 1.40 1.* 3141 0. 0102' 1. 3E465 0.C111. 1. 1' .39 2 .01 1'4.
1 .440 1.171.01 0. 90f,41 1.05-461. 0. 0E6013 1.17796 3.031,74 3.41,0 1.351.00 0.01l'0o- 1.3t400 3.011 33 1.14.. C.11 .'''
0.9h0 1.371q? 0.0.21.Z 5451li 0.0061.1 i.37755 0.0911,2 3.900 1.353s? 0.0105! 1.3t3'.. 0.011'.? 1.3-,341 C..1?1
0.q00 1. 31!50 0.00605 1 .09535 0.006'.6 1 .3777'. 0.00592 3.950O 1.3S3064 0.01070Q 1.31.70? 0.01163 1. ', 016 C. 01131

t.000 1.37.364 0.0055)10 352 0.00..2? J.3776,3 0.001;63 16.000 1.35250 0.01051 1.36226 0.01179 1.15250 0.01379
1.050 1.137339 0.gaS5;k 1. 35495 0. 00593 1.37716 0.00551. 4..10 1.31.091 0.01tti0 1.36109 Q006. 11%3 0.1134.?
1.000 1. 3711? 0.1)S053 1. WI.6.6 0.300567 1 .'1710 0.00-;15 6.100 1.035110 3.0110l5 1. 361,01 0.0121. 1. 35116 ). CI !f, b
1.15e .75 0.0051? 1.3A436 0.0151.1 371.51 0.019 '..150 1.3500'. 0.0113 131'. 0.01229 1.350.?o .11y
1.200 1. 372.1 0 .004q8 1.36411 0. 0 C534 L.17659 6.0050b '..?00 1.35027 0.011'.1 1.35585 0 . 121.6 1. 3.q ?r 6. q* 4 P

1 .?S5 1 336 0.0655 1.31144 0. 0 (1 5 1 .37004. 0.10516 '..?S0 1. 31970 0.01162i I. 3S923 0.017Ns3 1.1653q6 0.016'1.
0 .333 1 Y5?Z I0 0.1001.57 1.35354 3. 0 C530 1 .37600A 0.30539 A..300 1 .31.91t. 0. 31177 1. 35055 0. 01 253 1. 34035 1. 01463
1.3590. 150t~ 0.0694 1.39331 O.0 0515 1.37553 0.00513 '..359 1.31.552 0.01193 1.35795 0.01297 1.317. .114f
1.400 3.3Y166 0.00673 1.3810? 0.0 0515 1.37557 0.00515 4..600 1.36792 0.01200 1.3S730 0.0131'. 1.31.1.50 C.G-11
1.1.50 1.37t4.0 0.036-75 1.305261 0.00501. t07531 0.005:!1 6.450 1.36.131 0.01225 1.3S663 0.01331 1.314614. 0.015OF

1.500 1.??tit 0.)01f. 1 1.30125r5 9.0(511 17506 0.00535 '..500 1.31.669 0.012.1 1. 35596 0.01349 1. 16535 0. ;?1
I0.50 I j3r))? 0.001)4 1 .03129 0.0 CS2. 1 .' 14 7 0.0045 A..5 50 1.346107 0. 012S 7 1 . 55 29 0. 013I6 1.11.62 .111
1.600 0.3706.7 0.00409 1.115'03 0.00929 1.37450 0.00"35 1.600 1.34S1.4 0.01273 1. '560 0.0116 L143511. 0.215F1
1.650 1 .3704'3 a0.00a69q; 1. I !75 0. 0 CA3h 1.3?'.2? 0.00546f 1.650 1.31.180 0 . 0 1289 1.35390 Q..01401 1. 31336 0.(51
1.700 1. 37O15 0.0)050? 1. 301141 0.0a1554 1.373,43 0.005,70 4.700 1.31.6.15 0. 01301E 1.35320 0. 0119 1. 36.26 a . L c

I.S" 1 I. 36913 0.03501 1 . I5122 0. 03055S 10 7364 '. 00593 6.750 1.34349 0.01322 1. 3521.5 0.01617 1.31415 1.:1h?2
1.O02 I1. !r 146 0.10,17 1 .1199 0. 3 S61 1 .'7334. 0.0063 3 A.000 1. 36?2? 0.01339 1. 351 7 0.011.1.5 1.134q64 3 . )2:64

ASO 1. !6'q'. 0.0052. 1. I166 3.00 1.17321. 0.00616 16.150 1.01.215 0.0135S 1.35103 0.011.? 3 1. 139RI J.2,bk3
1.900 1.31'14 0.005 35 1.1 R0 37 0. 1. c' a0 1.17271 0.00629 4. qOO 1.3147 0.0013??2 1.35029 0 .0 1641 1. 3 3507 0. '1 ,K4

1.950 1 .36 P47 0.90565 1511305A 0.0a059t 1 .3711.1 0.00063 4 .;5a 1.3407?a 0. 01359 1.3.9S% 0. 001t0 1. 33513 0 51 '0

2.00o0I0.91.60F 0.005"; 1 . IF97 0.0a0602 1.37200 0. 0 if", 5.800 1.3108 0.01140 f 1. 3657 8 l. 015211 1. 33127 0.0172F?6
?.050 3 .3613? 0.30511 0. 711.8 0.013 a 1hIIt.075itI 0.01571 5.100 1. 331..b 0.11.9 1.36723 0 .01565 1. 33-.52 0 -'17., 4
r.107 1. V2la 0.0357"1. .1710? 0. 0 C621 1.37161 0 .0051. 5.700 1.33720 G. 0141S 1. 364f 0.01603 1 .13 37 3 f. ,I 1I
2.150 1 3A17764 0.11'2',6 .1755 3ss .a0637 1 .17107 0.03711 5 .0100 10.33571 0. 01513l 1. , 02 3 .31 ".1 1. 33193 1 2. at i
2.200 0.1. 6 0 .005'? 1.3753 0. 001.69 1 .379701 0.00716 5.100 1.33610 0.01561. 1. 3.42: 0.G1050 1. 330J3 0 01 1'5k

F.2.7.S I.3611?I, 0.396i09 17579 g.040 1 ~ilI.170015 0.0071, 5.500 1.33261 0.01SA2 0 346 .: 1. 1510 .O 16
2.0 0.1. S06 0.e00620 1.17757? 0.77.N 1 .31.930 0.00766 5.600 1.33101 0.01619 1. 33093 0. 00 7, 1. ;?',1 6 .1.
?.ISO 1.30E653 00%912 t.!7 750 0.31 V 0 1 .369460 0.00763 S.700 1.32 134 0.O156 1q.70 901791 1-.02410 .22
2.4-C0 1. 3071 0.0066'- 1. 97711 0. 01130 1.qh977 a.017 5.000 1.32773 0.014.91 1.33S33 n.11860 1. 3c217Ir U.'1a35
1.650 1.165554 0. 00 66 I 1760I3 0. 0070?3 1 .36103 0.00713 5.900 1. 3PS9q 0.01732 1. 3013'? 0.015541 1-11997 1 1,

?.600 0.1' 0.00469 1.171.'.? 0.910(TV 1.3651 0.03m004 A.000 1.32424 0.01071 1.33156 0.015q?' 1.0075M2 0. IM ?
1.0S 01. Sp 0. 00oh) 11374r1 0 3.007610 1 .I 00? 3.0 001% 6.1002 1.3221.5 0.010 atA .32512 0.01466, 1 .3151.2 0. 177

2.603 1.36d-1 0- 069611 1.175r.I3 0.007 51. 1 .1'.6'60. 3.091.0 6.'00 1. 32062 0. 015150 1. 32703 0.02010 1.03137 0 . O2776
?7.050 1. IA -; 0.01373 . 3 '7, 15 090 ? 65A 1.'1 1 0II .0004 6.0300 1 . 31IS7 0. 0 1550 1.325(0 0 .02?951. 1.0 1107 0 - 3 6V
1.Y700 0.IS .1 0.a0071i 1. 3?6lb 0.0(752 1.11675s 0.00573 6.1.00 1. 31b%4. 0.01931 1.323S? 0.0O2050 I 1 -45? 0.0- ,'5

2.710 0.1.050M 0.907? 1 .17656 0. q ,( 1.06631 0.00051I C.500 1. 30655 0.01973 1. 3211.0 0.0701.1 . .30632 0 7.?1.
2.400 1.>0'43 0. W016 1.11.376q6 9.0A1510 I1.16516 0.00936 6,0n36 1.9075?4 0.02011 1. 30571. 0 .02 110 1.091571 r
2.Asl 0. ',13C 0.00 MA 1.07?37p 0.0055'?. 1. !h5.0 0.009? 6.705 1.31005, 0.07059q 1.30702 0.02737 0. 01306 3. 1241'
J,1) qC0 1 0.30' 10 tI.571?'. 0. a CA31 1 .6,,q3 0.30051 6.100 1 . 07? 0.02000 1.3316 f 0 .V '44 1 0.'9550o 0.''-,P
7.1%0 2. 0.1 a 0. a0?A"I I' 1 0.07~ a0.0 %I5I0 1444h1. 0 . 10956 6.400 1 .3066 0. 021'd-? 1. 312%S. Q .0;90 1 t-Z It 1 G " 1

1 .1430.' " o. q(1.,1 1.0' 1"41-i. 0.00%64 10.5A6145 0. 0017? 7 . '1O 1. 3061.5 0. 025M 1.301010 40?2'52 1 . 901.? q 4~9
1.05,0 1 f. I. a in3, 1 1 9 07~ . at AI 1. I .I , 0 .0 1%5q ?.too 1.30271%a .-73 1 . 30a76% 0. I4,1.3 l.2-n 1. '7 -
0.101) 11 ?u Io3 n.19' ". I #,1 0. 003'1 -1.0' 0.00036 ?.?00 1. 100011 0.02.,45 1.03S3.06 0.01 521 1,Ilo . q: I

,.0..l025' .tl' o.o 1. 1 j,7%4 0.91.p 1. M I1.25764 8. 0'p00I1 1. 10271. 0.0a7?'06 f, l-i I.~. ! 0
r, I I I. . a 0.301,0I 1. II. 0.0 0 IM~ 1 '.1/ 0.01041 ?.%On0 1.21%33 0. 0,f0 $At j3ol- 3. 07' 0.2151. 4 1 . V.CI'.I
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" TAM. 34. QECONNENDE0 VALUES ON THF q(FQCTIVE INDEX ANO ITS WAVELENGHi

DERIVATIVE FOR FAGHFSTU4 FLUORIDE AT 2q3K (CONTINUE01

Ordinary Ray Extraordinary Ray 1RTRAN 1 _ X Ordinary Ray Extraordinary Ray mTRAN I

PM n °  -.. o/dL %e  -doe/dI n -dn/cd Ism n o  -dno/dk n -dn/dX n -dn/&

?.50n 1.2q2? 0.02.3t J.19754 0.02643 1.27130 0.07994 .800 1.25674 0.0318? 1.25817 0.03651 1.2366 0.03913
?.FtO 1.2q347 0.02482 1.2q967 O.0269A 1.?7627 0.03457 8.000 1.P5354 0.03234 1.25468 0.035?3 1.230 1 0.03995
7.700 I.' 7 6 0.02533 1.?9?tS 0.02764 1.27318 0.01120 9.o0o 1.25027 0.03300 1.2511? 0.03S97 1.2266? 0.040T6
?.S00 .PtS41 0.02585 I.PA937 0.02811 1.2T003 0.03185 q.100 1.244694 0.0336t 1.?4749 0.03673 1.222$S 6.04164
.q00 1.2R??q 0.0238 I.ZS653 0.0246q 1.26681 0.032st 9.200 1.243S3 0.03438 1.24378 0.03760 1.21434 0.0426Z

8.000 I.Mll 0.02693 1.?343 0.02924 1.46153 0.0331q 9.303 1.24006 0.03S10 1.239qq 0.03079 1.21105 0.04341
8.11c 3.2774.1 0.0?748 1.280'. 0.02989 1.26017 0.03388 9.400 1.?3651 0.03S83 1.2!612 O.03qtG 1.10966 0.04433
R.?00 t.?743 0.070 I.P7765 9.0305t 1.256S7 0.034659 9.00 1.23289 0.03E57 1.23217 0.03R9 1.20516 0.04.SZ
1.306 1.27180 0.92862 1..?4S7 0.03114 1.25326 0.03530 9.600 1.22920 0.03134 t.22R3 0.04079 1.20061 0.04624
8.400 1.76891 0.02921 1.?r14 0.0317q 1.?49f9q 0.03604 9.700 1.??542 0.03812 1.22401 0.0414.6 1.t9593 0.04TZ2

8.500 1.P6596 0.82981 1.26521 0.0324.5 1.24605 0.036Pq 9.60g 1.2157 0.03193 t.21980 0.04.256 1.19116 0.06824
8. 00 1.26211 0.0304.2 t.)64%3 0.03312 1.24233 0.0375T4 q.qO .21?4 0.03975 1.20t49 0.0434.8 1.16Z9 0.04928
0.700 1.25C47 0.03104 1.2615q 0.03301 1.23q4 0.03833 10.000 t.21362 0.0400 t.21t 0.0664.3 1.18130 0.05036

im To-i YaLtP mOmE EtrrNAL PLACES APE REPR.fTE T4N NARRANIEC M8RELY FO THF PURPOSE Or TAeULAR SHCOTNMESS
AND I4kT'RNA COMPARISOn. FOR UNCERTAIk71ES OF TABULATEO VALUES IN VARIOUS WAVELENGTH RANGES, SEE THE
TEXT CF SUPSECTiON 3.4.



144

C

V)'

CO

-J ~1m

!f 

L -j

E U I-

- I-j

C'D

(\I C').C)

u X30NI 3AI1?Jb8JJ



145

3

2

10 0-a

8
7
6
5
4

3

2

,,, 10o

S7
6: [ Recommended

3

2
IRTRAN I

7
6
54
3 e-ray

10-3  i I I i i i iI I i i I i I i i

I0-  2 3 4 5 6 7 89100 2 3 4 5 6 7 8910 2

WAVELENGTH, I CROME TER

FIGURE 22. WAVELENGTH DERIVATIVE OF REFRACTIVE INDEX OF MAGNESIUM FLUORIDE.



146
0- 16 % to

W6 W 0 00 t. .w

= '.. 1'h -4 6- " . i. ;-j-
Vo I. W U, W 64x p W af bV-a . W o8w-

08; -,1 O 5- a-m aW W

U 5.WZ u 0s-0 C U
gi Wof101- . w V w Moro SM w -6W x Old

6.)a( 0 s1-K A r W4 I. #X x IL 0U CLVI W Uz UEi4 4KW W K = 0 VI4fU £0IAW

w z)~. -1 01 W *0W 0I j~X a j w

B. V WOXW.5 ., -9Z V 4 1- 1 0 om o
ar U' zA In 0K CA cm6 w w C; W E b..*4I. W

IL be wj .40 w 0f~w w4 M U ~ ' M Z1O 0

r ww . wzo W6.EN WE I.- a- W a OW 04-5j U. u
m w Z.9wW $-$- w z c 0.40 49 C of *'-K 4 -9 K .'EU z vsj (
I.- Of VW XDU r UU 6 1. ' U' WF W z I n W"ZW 1-U'0 W w &b
0 u IZ- 4h n 9 $-1-U5.W= x £4.-wo- CA P.-0 > 5- U.6. u
z o 6 Wb'0Cf .4IWW " .4 V) (#6 (64 vg K * WW4 _.j

w s z ;)..0 - %" x - vi).04 Wu; . j W xL 6Wm
.j0 W 9 . ..4e $-0 . b4 cow 1-0 or2 SM 0. im w 6 1- I U

w m " 0 020. 1.- &U . in' w a. .sI,, b. 0 0 114. I.. f
:- FA 64.A K W 046 0, z.1B Ic 0 to4. 5- 0.II. X4- vi0 &0

49 x m w 1 - 9 = = .U ' - K 6 WK x s _I WE S 6 U w' I A * = 1 w 0 p 4

0 (1 >SM61.Z. .. 1j WU Ow w a 0 wwo 0 a 6-I- 5% CL 01-
64 64 r- xKI s-. " 41--a0 i. z1 *6- b0 1&. 7- 14 L..X 1

U.' U -J W :II- W M U5.0.1 >6.I- "-4.9 T= ~ 0 ' LM f .V0W w 0
0 64 O 1. " 0 " 0. j 0490 0-4S 1 XWOW6 0- 3 w x w 0xo 0 1-1 =

0 = W 612. OWU * o 0~ cv Z b 1-1 u 0 -M C. x z D ul
561 x t " 19%' .4 L0 .6WJWLW 64a W Jcr lIN A D~' P-b asc

U1. a. wW W w - 1 - SM 6 m-0 . *x m4 *CW W6.1 wM w w N
r# 10 647 1. 0 W&' x Wool-. SM, b.. W O Z SM u- rUE . w I-

K 42 01-OKZ 60KW 1-lW 21. " WIZO Zp .zs ".1 0 .o
u ";:- 0 W41 O-Zw 00 a s.1- m40 W 0 _ 0 O* 0) .1- 04-

"d SM LL -. SM Wb' CO 54 0 M b46/(n 61. 0 % (s w u ).. Wm
Inmvsb.& I w.WW1U 0.Z* 0.SL 1 W0 4 b.. 9 L 9 0W -9 P.- 'D 0 a... 7 1-- -a
w cm s.W I z D mov n.0 > w 04>n G/M W (AW W Z
K 

6 4
W w w "- j W -8 b 10- 00 a 0. , W W " 0 - 1Z s- b-U'. 00 c

LDT $.- 61 m 0 4 : 1"- -9 I.- ; $- 1- W Csi$-b- 0 b.- W'.S"I K4SM 1-WS
4JO -mo-)b 410 .InUU6-4 .j 0' . 0 uC.W L 31-K rb IA
KW C M4~6 UW "4 WW' i.4 -N W Wr W' be 4 -a ceo .4rU W U'0WW

i6 W 0 r xw 1, W w.US W1&UW a6 W -a0' W uWW: a W r C W0' 4L/S kU.
U. . -41 -u 0-61.1I- 6W -AW j WI. j. -qL1 f J $.0- u W I- U .
0 zwS ww.44W X"W4C ZW0L PA= "- D..WXO "- OP-W" XDMW mu

WU'K xzf- 04 W Y *4U'6/6v-i W10 Kc umt ~W r K 2 0K .4v0.z

0*
- V P 5P S PS P S P SP

4p. V. ~ W 0. V 8. 0.

L9 Z4 %0 P. ID.** SP

2W' 4 r S 4ro

K 00
w 4 .

0
W. a' v %D V 4 P . 8
z so tft Ct in Wk Wk &A

.4Sz

I.,

o of

4: z# 5 S. 0

Ge W .8W
0 0 ;U W -n .* *5

0 WO.



147

hi wi hi hi 64. W2 h W A WZ hi W

o o . s. COW M Z a co- Of.-
Q 00 UI U C Une o~ ~ 0 UW uN us.

hi K z r W L KU KB WW z w KG KG. I
nb to 0 ~ C ; 0z 0N U% I0 .04a SC S SP ~ '

N C. * . ut O V .20 guy NW aN W 0 W% 0 .. .0
-a .0 .0 Pb Pb IA %D2 SW @2 t.o z rb 0

Z w m. 2 bd b4 x'

bU 16 bb . %L I&U h.U W a~ W L%.SU ... kU U W .W bU.
0 0 0 n O= CU cc ow 06 Q= ow oU

0 C 0 6- 0 0 .
z z K 2' ZU z 20 2 Zb0- ZO C 2 2 0 z 0
Wi lhi W Ci wi W~ w W w. CL iki w W ~ wi h

0 In r K W r w K X~ Ke rw rz K

~. . 0 0. Usb 0.4 0e on aC3 a0l C3 0.A
i wi i Wi lS WW U% hib.N We .0 .w ih We D hS 4p w f

0 hi In In L IL IL b I- %0 4LP w~b CLU b n- CL U CLt
U w Ul bi Up C" U Ui $- in C . V . 9 . c

0 ..j .j .j .j .j .S- j _j . j 0..b .jQ .i J . .j
2O W N4 9. N .4 N N , 1.Nb. 41- NO . (A NW "O Nb- b..

U. U. %b L 0 a. W wW 1&0 IWw za. M LD W Ih ha. w W .0a
0n z Z z z he 2 z W z z~ Z 2 r xWz W

K.' " N 04 - 7... N N N *
0. 0 0. 0.W 1- 2 -W I-- -WI-- 1-. 6W 2 I- O W 1- .0- 6 w 6

P.b- U9 U 1- ", U 1-1 U U U U 1- 1-W f W c 'W WU 4m a, a: WK .U WU or .i -1 .U :I W V WU 0U 00- Co.. CU CU ON Co U 0 x - OW00 cN Co. CU o.
. 0n W U O I- b. LL to W P. I& ma InW0 W . In

- N 0-U P N b-n bU I IU N b-o b- I-~ I-U -
UA m vp =W 0 :2 WI in :2 =C~ n

wj hi la i ) W C'S D W) 0W w a) hi gog us wi O W 
06 a. N N N I 1
W IA V Wn hP- w 0- WU) ~ U W WI- hi 0 w -w w b- wWn W in

0 09 0~ d9 0-9 0 .l 49 0.. 04 co a -u oo cc 0.1 s 049

.L 0 Y -0 m D . aL a0 - WO WOa0 40 aL 44
z2 CO 00 OZ 02.4 C0 0 00 CN0, 0 6-. CC 0 02 02z

S- b-- N v N 6-3l- 1-hi o- z b-h N IWb- o- WI- NW N o--m
C Vn W ON V) 0 In X~ w - (A C

w j -J j j CL j -i -J U. CL -1 J 0.I)a -j -aJ .
2 "Z NK X Y NZ6 Z ZW N" NY " Y 7 "z W " "W NZ X -Z Nz
11rc zo o c0 woo z S so m0 20 22W0 22x0 20 20a 20

0

0 hi (P U* S . at W~ W. I. I. W' S. 0.
2 I- fu lN N N Nv Ny W Nm N ft Nu N

N W4. IA 1 N. IA IA A I A I A
U WW Ir Fa a P . m W a al

U% UU m . 0 * . .1C

U I a a a C a a a

i

b- 0

04 N, N 4 N



148

0 r -t u 0
01. 20 W 6

0 2 a -1 2 0 1-9 s-, jb 4. i 54w
04,6 b. J m4 0 - 1& UE

WU z 1.. 01 64 Z az C64f .MW hiz uW
NOO dE 4 us.6-o-0 0 LI 06--. P, 0WO -liE

ac .W o- =2 j -o -W zC r "

z Ow to 10 4W W j W.J.h ElbA CL W , .WlW. S 0 U. W 0
DI .J3. c 5N- . 6U~- 3 0 0. bW = U. 6- in O.b_ _ In

de l- l-. 45W:W 0 006- 20 W 4: W W
hi~1 xi,. 0 mn~- bE- 2.z- oW£. b- W

(A %24 WX 14 WO0N= bf .9 700OZoxm 50. 0 x
0 Ol EbW.. of Ka-Wil hib ..- & W U. 0-L.6WhiN U. z Wfu
z 1 4iW T;& WOO Oh0 . &AU Q 40000 s
hi a ca4ftWO u -6Z "4 -9 in jW a . 6.j~ 4. . Z
0 x W Wzs. at "".4i- of056- W..J " 010 00us-E -wxb-z
2 W W I. 4 - ta W4 W W u w zU. U. gwnz.jO 4uJ4 2 W 9W

a. W- Xi~ @* b.- W2 0 = 0 0 W .0 0 Z.
n 0 -j4 owb~ 0 02swN wow0. "14 1U 1. W .* L* "Z-*OM

o W hx -s.- a[ WW. h WWhi 3 x5 U... #A -1 W. j O hi
9 WcWwn 0 bdWWw & Zoo 5.-M0 .4 .. W 4 b.. W W 91.-

X 0 .-. 49 U.O 2 17 = 0 v 0 0 >-A0 - 1,
b-a1.- :! 0 W .- P4~h 5 Wos "t 0 2&r wL.Jb- "N"

tp z ~ -W a. b.. U I.-& 3 lW a z W O .Co 0 1-L CA I.-K
ui k c W W WW W 0. 40 W4 )-I.h "us 4wwumJ 0.ZAWW
.j 0 -. 02 W0 WSU. O t W0 x.2 P- W6- N mW 0002Wt

54 ;c W" '. a & i z . 1- ,4l 0~- Li~. M4l.~
hi 4 I.- W> 0 .. "Ic 5 4 1 w20 05.4 "1 I5- W- I. 0-d

a u 04 t& wwz 2.W P- W * 202 Zmww EfJW
x U. O*4 -9 z S U.~ CD U. w x W 1&.-0 b"m V 4 zw zw

- ~ zm x 6. )252 - ous-oflh 0 1- 0 OD~Xhi 4 20 &-0.~..f
O wr m U.0 W of *W OW WEr Wo 5-5WxaLAJ OOWE

W -. A. -*WW m - W m D A4 m ~ A W.-A .. W W W 4 0 W W.
0 0. - P4 of 20S- W m U.b.- wWU UW~l W 0 ox u Zb- :I.W ZU. I-

0- M 00uW.K20 0 X.1Ih dl 5 x.d n J20N-- .J0u5.-Z-W
5y-U 0 04 CD 40 hi 54 W z .2 04 On C, X

0 W 0. W2. 40 wo02 W. 0.h*~ " 0 s7-10NS12 Y I W
30. 0 -3 00 hi W a" L W W0LO W O EO a uOs CD n, a6

0 m W W- 0X. 2 P-5~ . r I.5- h x 4 2 bb.NaL&Jm b..b-.- 5-x-X -

En W1Z4 WOOO.. Ul0.. u .2W Wi I -jar000 hJz 0
ui V)W.--f a)i W.ii Li 0.4 La U, 0.C'LWJWC) .J h i0
z W-5w U,5 ZWO.0a.4 ) -Z.0. £W x D4 5z*5 . a~2. a.
0 z Z0. (v v 0 i.Onlfb (A & W1.-0- .4 Z .4 W 0 0 0 Z 0 0 0 0

W. WI SI.0.W

I.-

%L A .9t aCC.A,

x 54

b- 2. *.
O UW 0 0r of50

2 ujE 004*.
se ~ ~

r W1 42 . . . 9 5

KU a & ca

00 C

W4 4 4 N .5 Z W' X p.. Z3a
z 5- 44 bel > W5 .5CDI
D .. 0 0 L doP 0' 0

* K 5W .4 P.45 5 4.
at

0

Ufm



149

z 4 1- :0 w z wo "oUc 14 o
0- w 0x 0-> la r "- w r C -W0-

W-0 4, w 0 0d Cn Ub.n z L 0 **

x2 0 20- , WE WW .4ft0W 0 of0= . yof -
U. i - mw 3 - 0 ,-9 r- U b- U. orI wa b U. U)o

WN- swo $-~ w w -.. w #-4~f 4 u4 0
I4 2 aW20 WO 6- ~ 6..'W x- WO .; 0 of w~

Z Ce 0.0 0t-E 0 uW W W f w7 w,14(bT Wb- W ~J-9
0- 4W j- z (fwt - .. fW 0- or0 U. .. W

n b . w0 40 20 x w ~ ** -to N b2-6 - Zb-
r w -A cc W- 0 0 -$. 2W *- Wj.. O b.. " n In. 5( W -C

W 0 .4 W 0 ofUW w w2u 7 . i wb w. "00 0  ~w
uWu %s 6- W b w 0-0 .. I. oo ww - 3wa.zJ9 6

.4 ~ ~ 6 &b -1-U&w .4 r 0 0 W T-,'- XLJ* z 9Z -
W 0 U-. CVVA1- 026- w . X w ... : -W O xw) 00" r w " 0 t

w4 W tl z z rrr 7 a0 N o0 orf.k

W19 4t ~ OO C3 ZNoW0- W 4. h0~ & Z(4 ".
0 r "W &ZW 60.'- Z 4 u. 0 0 V. W0 IJI W0 W. f 4.

of -. w-0 a 2x 4. De w.J SLW? on.-6a.4 6 W W w 00
ie u4 EWWZ 40Y Ca U.4 e 'I-W w xmww . U1W 0( Wio&
60 a IL 1W 0 0." 2 0 1-0. Ck .w JW 0.9 ~ :3 Ze6.x ) 06.-_j W h.

2CU x0 194 6.- U. a 2 " w-nk I.&.- wUw 1- .-. 0 w .Z w - inz
x L -CL I. a. N* 0.. Z. U.4 (4 b-W b(LI-W .9 w w U..

bW gm &E00- CDIA ~ ~00.0- i 46- L ~ wW 0 ~ .9wt w w Wz
43 x --. 4Z4 0 I -. &z 0 0 31 u-a . (41of. w 9z ro 0b WL) $'-M.
4 1- ). 4.m I" $ w Z 0. of 6- P-W w- L xP- .. ZkCL& a* z w~
w b" P- U.". wIsC u4 0 I "u .0.w 1L40w a.t~ 4U. w I&6-. W

j .bl b4 w 0 Ca(A- 0-L -w " w2 I.- w . zW 2. 0 .Z-w
UUa ... j 3 iV CLO 6- x& Q .b LL.- :) ooaOe 6- "W 5 "w o-:

>U 1 :, z- k' J41 20 .& of) .JLI &* 0J 0 (.0- g JW

0 b.- W as 6-9 0I- IL0P) U a) O uj 0. A w -) - -a ~ "U) I
X- V I-2 I. b-4 " L-. 04 u W=)a)21 0 CD 2- 00 W di e o
LO..z wwo r.Z& w CK '-y0 Or.' ~-9 w ~0 & W *0-0

o 4 xw r Jb I- of U2OW 06- 0. D- O= . W
b-440 0. 1. x I 1-.94 D W a.L 0di W b- 0 = ' 0. z . W L,00 w g*V
C9 0. -. 0 9.-ZW W e 2. h....9 o I 0Z"O wz~' La .J0. 6.2Z uPx0 --

403 6..a P4 0.)aO41 w c-cb w-Wf X..W. CL0- w. WWIJv zwL)U

3. C~ I.- Z6.- ) 0w 0 w 0 -r - WL 6- 26. 0W - - 0 &'W bO

UZZEUW u UZ .*4 .J De (A .. J ".2 02 X A (4-ft04X0 j. 1
.3 t w a7 mw t0( b- $-g- WW " (A X ax w -W b.Uvw j wwx

W - 0 JU, I- 1-( 0 j r a > .J OD W c 000 ~u0 0 Ol w(0 1 . 0 t.2o
2 0 -9 U)x W(4 zwa Pd00-U 6.. ~ Da) a L IW'.4w "- at >.-w w w 0 w4 t W 0 "
0 z Z 49Lo w49 z~btP C. 0 w w ( W- 0b'a 0k& a 6 Z -io b- 1- 7 ?0m4U. 0
o '. 0 .4 M 0

I'.
0

x I.

0 lW C' 0. U. 'U'U
2 I.- li lu cu4 tu N N cu

> I- V 0 % W% %a Ca C3 0a
%D :L~ a C, a *0U

XE . C- . U 00.

W Lb 1 0 000
21.12 .4 0.

w a

o

0

U.
o z

IL 0 0IL

of z!m 1 . ez
at a & .0 :0.40 v0u

W~~~04 zu N Z.
0- 01 .00Aww Z . X ab

- 4L "0 i 4i 90 ji . C.
&4 I" I t w b W( z 492 .6

.0 P- " a 0b- 4 0 4W = C i 000
. v2 02 L X. us to (4.at2n 0 w Xat

j I 0 *Z 41oN .. 20a 11

4 4 0-uSt-~0. W.Z2U
(to pi 2200. l p0 N4 24
4 4VE : 400. 4 1ow W29 W 29- W 02. 200
3 vi 440U 04 4( JfO b



150

to .0- rj

bdu 0W 004

oO I z S)-I
Woo", 94 09 1- 4

"IL-A " U

v 0 3, M
w~~~m r..-, r 2 5

9.a 0. M3.

hi~ ~ ~~ 60 WUw U I
In j~~~q 0.- Is

4 S-CO w u Z U)
z SUh( 44 jzw w -ccs-

IL wVUW : .. 0(3" 5-2
z x ~ a ~ u:tn wwoZ

0 0 49 0
4- '4 ZE O'* Is. W i m

'4 z Ox- W OW 5- 0 -OW

0 . OR 0. fu w w .- atWV

-9W f 0 hi U.

W.' -6 21 0 C~L Lj

39 . P VI*w O mnhiI a U
- 4 1- 4 u 1. 0 G-OW

54.5~w Wi-s 4s. $- 0 0
I . Z O f 0 . > 4 -

:0 z4 54 w 2 1-0u

WU IV wf WD U.r00 2

64

hin

x- I

Wi z w on

4p 00v
004

0W Z 5 04 .

0;
C4 C:

IV C:c

0- .
x - Of J

2. . wo 94

41 422
I 80 W 5

hi 0

@oa

x I- W atz
t5- mi .e .44

Pt



151

P~~~~~~~~~~~~ .40.0PMNMt fi-P =4 mw~ O4.. 4'4%b ~ **PU 4U N PD

a %4 EbNI- U..I. p.:0 m pD44 Abf MU m
*0 40 9, * 4** **. *N * *4 tv .t 4 m w m w* *

C: .4 .44... .4 .44 .4 .4 .4 .4..4 -4 * 444.... .4.4 4 4 .4.4.44.0

I D-U 0 f~4to rN t-0 U.VI I- a, D U I N (U ~ .L.

b v-I- * *4r I 0 . . # W-I **-iuUl (A D 0 "W'UC'41N r0Cf40 0
* .7 U% . m N4 * pn * 4 *l * * *u 4

z.. %0.4 N C % M o , 0 u .4

Z4 m0 *. 4, C7 4** a'0 4 * 00 C, * *4 V4* 41

wE% NNw N w( Nf4

X 0 It 40 0 )N .4 C s i01 4 NC 1 OO U% gN .PUPwb W) m40
4 CL 4 ~ b- 4 OPbb4%i 4 .4Pb0 45 4.'I

4. -I U UNI .tl%A II W tU% U, I.- ro *U U I-I 0: - o - W
£~~- dc * * * 4 ***** 4 4*

W 0 C 0 0 0 0 00 0 Coo
.1 x

Z1 0

4i >

I-t I- %4 * D N.N J4 CD 4 .4 .4..4 C2 4 .4

C) t. a 0 LA *43 N4t4 C3o ~~ ~ ' C: 44**IO *4* 40 **.. O * . C'

.6 IA. P Pb I.. a,

of g 11 4N t-I 44 0' No0 C 4.PN.4 '. t.
V) < I-- W. I-b PI*U I-I rb*uI r-I M4 U% % I-- b.. M*"Io

Z 6- 0 0 0 0 0 0 o0 0 ~ oo 0 0 0
L2

4 6-

x x1
doJ gol 0 0No 40 C 0O 0' .0 0

Co .. I..0 00.0 NC2.40 .N0 .414 0%
z r 0 144 on4' ~ 4 4 4*W

C2 C: * 4 . .4 * 4.44.4 .r4 9 .4.4.4

tyJ ubIN La N w N w N

of) II 00.4 .4 Fn a,* N I t.4 fo)C II .40CD.40 M .4 CD 4
4 C a N NMO a, N 0o' at a0'Pb00 14 C, V) t. .1 NI%

I-I "1
LL a ' P

dc 0 U pn Y.40.oP4jN r.%a 0 w 0.- 'W N .4 C2 2 c
10 N.N.N. v a 0 .D0 40Qa (Y'PO' a ,Ca p a 'P %0

a a 0 D
xt UN. .4 %D0 94 .4 44 W444. 4 4 W6.4 4 1- * . 4444444444.4 0 .4
IbPbP P3

M .4W0PINU%4N U% W N 4 tnvC ;" mNU

4~ bN 4I 4 b0I4N' l

I-I 94W 4 40 49 I-I .t** t040NI. I-I 94 4 0 P I-I W4 4 0e0

w A l

0p v

4 o 0 % 0% th in % * 1 % 0 1 M% 0 % 9 0 1- 4r In 0 04



152

""a

ow.

In a 100 000 40 V. 10~ * * *A *t f F^** mg N N : c %r ,4 0d

W) .44 Pb *; .44.. .4.4. .z i7r I- CP
b-w 0AlNU) tv U) (YU I

0 *2 ca** * a * g g 9* * *z ~ ~ ~ ~ it G4.%"42 2 N Ntaw4' 10:Np 10" a 4 Sa.oNon ..

w a4 n4 PU % of a% r V & r W W ,P ,f TF 4.

1- 01 eI.

0 Pb

2b0 A mn 0 DP N n 0 Id ML Am0F . 4f nP
-CC t ' ii %V0b0 ci 000l NIIe 001* 00Al..0m mN40 b0 N1 tr

9 CD i4 NQ10 U4 .1: t

or Fn C S4. 4. .4 ** . . 4* .4. 4. 4 *. 4. 4**. * *. . . 4 .* P;** .4 .* .4.

w 6.
5- 0 -0

F, WD e- m PP514PIN '1 01 f i% PI) Ib
wUWo ID %v 'S a _v

0. C3 C2t J b b ~ ~ * 1 C-1 C5C DCC 2CC 3 C ,C

C; C; C; *; *; *; .*, *, C.* * *; ca wb m 9* .43 a 0C caCDC2

w P b f 0 4 *.4. P. M4. 2 40 -444.4.4 44.4 0N7q P)4 .4 go P.N0 .4 b * u .

0 i~ ib . PbC

W ~ 0 .0 .N" W V% 10 0.4M.4 N 4 W U,0Q p. N N Zptm

1* CCC

U. w

In j

OD 0

o do 0' W .P .4 .v(- . 4 w- %0** * %v A.** V. N w 9**N**I*C 9W, , *m AW00d

4c. W, -r r- .4. - 4 -Sw %r UN U,. U, (J N.1 .49a4.v4%4 AD4.4. .. N. 0..4000w-w , 0 0 r 00

V% -f 5- -
N 2 MM WASC

zM on C v .4 ON *W4 %0- %0. 0* ac on 000CD SN m O1@

* ~ ~ P .. % 4D 0'''0 0040040.C1 Jb.N .4 J* f4 10 0m
Wu N I- 00 0 4.4..4..4 f : C * 0 Nw 9..444.g..4...4 l .14. V4 ftto01. 00

w 9 * * * * X* * *v %V .9.9 . C S9 *

o.C o 4 w 0-1 4r W .4 H IV 91 A' F. U- 0000I 00M

I- p-2
P, 6.1 C I lC

V4 Imwwa C;4 4 s



153

z

It
fle

w

x wl
LL 0 14 U

.%,:, tl O C 4 4 0
be f -0 6

.4 .4 ma. . 4., f. w 4. 4 4.4 4. 4M. . v 4 *C m9 m

WD I.-.

- w C,* C C * C, C, C,* * 4 *3 C , * * * *

-9 0
ai ze

P4 o- *U hNtD~

I. fol. ., C, $-, CD *! .5 eC2. C, g3ee2 0 w C.e~~ g *D Isgeg 43a
Ot0 0 ~ m m 0 0 0 a c~c m m ~ c a 0 0

4; C;C ; J0C ;C ;C ; ;j C 4C ;C ;C :C;C ;C ;JC 4-

be. IK J1:. 4-0 0* 00 =1 4: .0 : .0 C: ell J WmmO X :4 0 .1 CO; 000 0 .

4u tv

41 OR

.J 40 or0 O= Iw



154

LO

uLJ
cr-

Li

L

I-

Lii

Lij

Li

W0
0 J

LO-

(hi e;
tl *30N]3AllH8J-



4)l

(fowo

IL (A w~
uw v z.

a of d
0.

Wx

6- 0 6- P,

ca.0

W vw4
04

13 w- IL4o

r 64

U. ILA

w 6

Zi W Z

.1 9- :

0

z ~ 0

1& 4
z .4

ww

W W

z IV
0

z C;

PP) CJO

L:4
w r
af

0i



156

041

w 2

mat

w su
0

2

14

r p
2W

I.
4

xJ 4

w ftv

4 4 ow



1597

ow

It,

El 0l

UI

(LI

U):
u-iJ

i

- LID

- LO I

ILr

-:1

-tot

IiO
iiJ
CL (

Lq L
cI-

m 01 61pLU



158

I .J
N 4N

0a
a. v 6- a

21, w W4C b

Ih z

01 OWIL "1 J

o ~~ 0 U U
1- WO z 9
30. z xU9.
w 2K D "4I~ a -

z 0 CZK )

11 M. ~ 0M Ix . L
9- 0 zw w 1 0

Z~ U. IZ.-- "
w urY IL-9 c

0 9L4U aeo 0

In .U . J9 . l0

z Ur 4zu) S

Ofe 0.4- 0

I. v WVI W 64

of. z 21 r

IL

aon

w w z C;

a,- a 
IL 7. w

wz a

44

z rw a 0

-W
T

IV I

0

I. A 1 .

4W 4

2 0

1L 4 0 W..
£ 1)



159

0 -

Vi

69
Wi

of4

fb

"10

o4 w 4 f



160

cv

co

Ciz

- co i

C7.

-

o CL: LLI

I--
Lii Of:

U.) ik _

Li. -UJ)=t nL

-j -

U.O >
d L.L

Lii

LL-

LLi

LL,

CV

C.) (0 Cu 0 W
to W I~ - -



161

0 Zzo
41 6 . W1.4 9

0~ Nl "0(SI
Of hi W 0."

0 4W J, $4 a, . J -.
I.- bw 0- err6- 0 L) W It~~~~0~~ at0.J.W K I 0 1

x1 2. W . 0 6 . I- :) . I- x
I .- Id r0 V, W . I o.- W

W I-K: *.h XX I-- Z 0 -- 0 W
U 0. 1. 2W -9x -9 z .4 .

i wm z V a- w X- 0122
U.2 4 " E. = ,0. a 0-0 '1

Z (4 X1. 00.4 oob240 - "4 z 4c
hi v nW 0 N " a 0 r .4 W N

hi t W N-W(Uh W 0i *w - U. u j of*
0 T . OM n f, . 0 W z 0 W1 ) .- 0%

r f hie a. wW 0. %-.- ul :. Z
.- .. I-I W 4.4 - - u .4 0 6.4 W hi Z
13 0 z z .... J x 4aL K 0 0 0
W I2 W14 L0 4 CLW 0 -W Z 4 I.-0u
hi 4 30 0- 0 W ni-.11- 0 *0Kz
hi l4 o000 WW.)- IL4z WWzI3

M o .w or 0 .... L) W1.44.
x 04. IVW 0 WUO W O 39 4 at -9 Uw 0-

19 W4"W I.-4 1-O4"X2.p1- 01411 m U~. I
hi 0 - 00 42(4 4 0 04 .W

04~ I" I.-I b(%0. Z W. h WW Of

0. 64 L .0- ' 0 W Gn 0 Oi W. 0 -. 04.j P-o u W 0 $o LI-20X4 m 404a
0. -I "* - .. M 41. 0.1.j 1L _j .- 4* 0 2 4 0Z0 -9 0.-

b.- u pW -hi r44 .9 )1
K" > (4Y1 (4 %00 >. = W 0 . cI...

.42.-A4 a .4 ZI .4W 0 0~ 44 ' (41-
0 0.W. LD U hi 0 . 020 4 M-04
hi = J Z Wq z U1. W 1.- 0 - zww
2 0"a u wi-"o uW0ww I.- W "oaf0
0 W &40 i..T & uW " X:)U. 9 3 1.- 0
4 LL .I-- $.- "-&4 I.- " (4. &. w.oo

KwisJu WUhi0. Wu WE 41 hWI.4
0.-I CL.IIf Zh W - -J (A .- L0.1f4. o

.4 .4o .4mw .4 .4 0-

I.,

0

0 204 4 1: 01

1- ..at L 0I

2a

W4 0

4 CW W. W 4.

on V) . o

K Of0 W Ko

W -4 0 z z4 (4 d MZl
A 10 10 Z0 0 wo-
la A 0' 1) x4

we L- o4 .4r .4.4

hi o
W

hi an
0IV .4



162

on M~ 0 W W a' .4 4.4m m0 U' #0 N' Pmm . NP

fu- . caNN m.4.4. do.444.

U% 4w v4 4 4 9 , 4 " .44 4v.4 .q.4o4.44

% 4 v4.4-= "m "00V-0-@ 4 0.4N 04ca I

O .11 ou v %4 . 1" . ol " . 4 In *.40t aw4J NN

Iii C; C:n .,

14 e . .. 4 0N 0 U% n 'fm . . 4 . N 4 .n epe N 'p.
.4 W.% do 1- . 444 4 4 .44 .. . 4 . 4.44 6%s d JNP .4-

CLn.4 .~~-~'a m4 f~.,~% 4p
.44444..4444W~NNN~~ " **nWN ~ .Pin~

Zi 0

- II z o.4C mvN N t@4 % Nj .

P U% 0 N 7 C. 0: % * !
z CD a,'aW~.4 p *0 N*** * to 4 '~~~CV o.4 a 0 . 0 a c... N 4 * * E .t M a3 ej .4 .4.4

11o1C, 0 VF &I LIS t.t Ne ~~'''44N.44..4 444.4.4..44 W US W 5V 5lMC DW 5 U 0W.

.1 c yf v uc vN IN NMPu 1) "1,In -T.1UN4 U % 1 J u%0P' I. 44.4
.44 - 1 4 1 w:,144 4,4 4-44 -14 -- 444 .

CA * * 4 4 4 *4 4 4 4 4 * 4 4
w ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ C C: ama CIOa a a m m aamm m am ma C a

U.. of -
I.- I.-

w, IV. 4 N .4 .4 us -w N m- ' a .44 a Mr U' D .B *r

w N3 0 F, ell 0C " 1%. CD =N N 1.4 : %D 9,
r- N- UN b-A f' ~ r- N ~ tv N@-0 .

hJ .NN 4U4 -6 NCJP.4 M I - C9 C, -4..4 4 NN IVN fy otJN
Ix =L -a o4 w cc UI l5U'4mO'N P-U', %oCNN. a N N N ' N

C, *4 a4 a'41 J-'N -- ... 4.. 44 4 4 .
r WW%< 0OQP IP~p . .sNee lo 0 JC ;CammC; C aam; .C: amam

-j

SI " "r" 0 %%iI i

cu h4 2 v4 4 wetqW4N.44v4w 4 4 4od044 04 t4 4 W #W d 4 .4 1.4 .4 " 4'A

* 1-

M W M U*V-fU'.4 C N.4 m N mC, 9 OmUm' P-Ma* r4U'
p., U' to t- a' Fl- C'.4 4 a.4E'awh ,L'U Cap C' fl. p.. 's U'NC rL~ 4 0 4c N 4 % U% W .5

C;C ;C;C ;C;C ; C C;C U.V~ 0 C N4 C ; C; 1; tz '4

1 4& * MF C ON UN 4P44..44 I4 w44 0%.1'OnW 11%W 0 *4 9 4 44 444f

.0 4N.4.4 . . 1.4. . 14. .4 .04U'*4'N 4.4c0'a'p . %4 e. n d4g 4-

,a ** ** a* ' N N N J J ' m, 114
.4 ~ ~ ~ ~~o ell .44444 4y44 4.44444......44 . 4. l F7 t-4 4

I', P,0 ,4
4-' % % a

In a 0 a-'N m N 40 0 D w40 I IDW 'O' 45 1.U* aNNv41M w hjiI 4

WINP M It W 4 a S. a L U P4 -'"N4-P n ,W U



163

+

000

'1. .i ' 0 '41. '
I, I 40-'

CC4 OD

M+ 0 r
Seq 0.I ,-4s..1 0 0 00c

OD 0 kI 00

0o 0.bO0 LI I 44 cq0
04-

oo i . 9 cc 0
o- 22-4 0 Cf

0 l< 0 0 L 4 - q 1F-m LO 004-

P4 0m 04 M -Ok '
0 ~ 04 0

z In +I +I +I
0-4L C44 00.

oO 0 to 0O
m- 04 0-

0 '-

4

0 P4

0 1 $.4

r-4O

44 M -4M
7qA0



164

3.5 Calcium Chloride* CaCI 2

Available data on the refractive Index of calcium chloride

are given In tables 46 and 47P ind are plotted In figure 26P

where data for hydrated calcium chloride and molten salt are 31SO

presented for comparison. As th~e refractive Index was measjred

only for the single spectral line (0.589 micrometer) and the

material Is not suitable for optical aoplicatios, data analvsis

and data orediction were not attempted.
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3.6 Strontium Chloride, SrCI2

The structure of SrCI2 is of the CaF2 tyoe. The space qrouo

is 05. There has been considerable interest in SrC1 2, CaF 2, BaF 2,

and S F 2 . One of the reasons for this Interest Is that t~ese

crystals are nearly ideal host lattices for Paramagnetic ions.

Many electronic excitation and magnetic resonance exoeriments

have been performed on rare earth Ions and other Ions in tiese

materials. For some of these investigations, tho host lattice

was SrCI 2 . It is of some importance to stuly the optical

properties of pure strontium chloride.

SrCI 2 single crystals are highly hygroscopic. The hydrated

form SrC12 .H2 0 readily comes into being wken SrCI 2  crystals are

exposed to air. Special precautions arq necessary wher growing

the crystals, and preparing and storing the samoles. The

crystals can be grown In an inert gas atmosphere by the

Czochralsky method. Grinding and Polishing the simole surfaces

can he accomplished with an abrasive disoersed in a waterfree

organic liquid. For storage the material should be immersed in a

waterfree organic liquid, such as oaraffin oil.

Direct measurement on the refractive index of SrCI 2  was

reported by Wulff And Helgl (621 for only a sinqle soectral line

at 0.58q micrometer, as given in tables 48 and 49, 9nd figure ?7,

where the refractive index of hydrated strontium chloride is also

listel for the purpose of comparison. This single value is

prohably the only directly measured value available. Another
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investigation on the refractive Index was car ictI out by Droste

arid rGejck 1911P in which the refractive Index was deduced from

th~e reflection spectrun, by LorentZ theory. As the available data

is very scanty anI the material is not suitable for otical

applications no attempt was made at data analysis and data

Predict ion. We oresqnt only the available raw data as shown in

tables 48 and 49P and the following related pronerties:

£cg, -2.86,

XTO =134 cm-',

and A LO= 23 cv'r'.

Tle above values werg taken from Raf [911.
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3.7 Barium Chloride, BaCI

Available data on the refractive index of barium chloride

are given in tables 50 and 51, and are plotted In figure 28,

where data for hydrated barium chloride are also oresented for

c~uoarison. As the refractive index was measured only for a

sinole spectral line, 0.589 micrometer, and the meterial is not

suitable for opticil application# data analysis and data

orediction were not attempted.

t.. . . . .. .i , -
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4. cFINCLUSIKON AND RPCOMMENnATIONS

Experimental data on the refractive index of alkalino earth

halies and its temnerature derivative are exhaustively surveyed

and reviewed. In addition, values of physical prooerties w-ich

are related to the dispersion ohenomena are selected from the

open literature.

Of the twenty alkaline earth halides# only the four

fluorides (MgF 2, Ca!:2v SrF 2 and RaF 2 1 are suitable for optical

apolications; others are either ohysicnlly inadequate or

chemically too unstable for utilization. As i consequence,

available data on the refractive index and its temoerature

derivative largely concern the four fluorides.

The purpose of the present work was to survey and com)ile

the available data and to generate recommended values of the

refractive index anl its temperature derivative for alkaline

earth halidis. We have generated recommended values for the four

fluorides (as shown In figures 29. 30, and 31). The state of

knowledge on the refractive index of this group of materials is

also oresented.

The technology related to high-power infrared lasers is

progressing rapidly and. consequently, there Is an increasing

need to determine the effects that exposures to high-oower light

beams have on materials. Among other things, refractive indices

at elevated temperatures are needed. Unfortunately, an
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exhaustive survey of the *Den l iterature, as In the present w~rkp

shows that refractive indices as a function of wavelength ire

only available near room temperature. Measurements on the

refractive Index at higher temperatures are limited to a few

wavelengths. In a few cases, the temoe ature derivative of the

refractive index has also been measuredt in the vicinity of room

temperature. Even though it is clear that high tomperarure data

are lacking# recent mneasurements reiorted in the oien literatur"

were still carried out at near room terperature. Consequentlyp

o Lr basic knowledge of the refractive index at high temoaratures

is still scanty. For the ouroose of providing data useful to

modern science and technology, as well as fo0r the future

develooffent of optical devices* a well planned anid systematic

program of measurement of the refractive index of sqle:ted

materials over a wide range of tanneratires ind wavelengths is

highly recommended.
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